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ABSTRACT

CANDIDA ALBICANS ALS5P AMYLOID IN HOST-MICROBE INTERACTIONS: A
CEANORHABDITIS ELEGANS STUDY
by
Michael Bois

Advisor: Dr. Peter N. Lipke
Candida albicans, a dimorphic fungus and an opportunistic pathogen, possesses a myriad
of adherence factors including members of the agglutinin-like sequence (Als) family of
mannoproteins. The adhesin Als5p mediates adhesion to many substrates, and is upregulated
during commensal interactions, but is downregulated during active C. albicans infections	
  [1]. An
amyloid forming core sequence at residues 325-331 has been shown to be important for Als5p
function, because a single amino acid substitution at position 326 (V326N) greatly reduces
Als5p-mediated adherence	
  [2]. We evaluated the role of Als5p in host-microbe interactions, using
Caenorhabditis elegans as a host model and feeding them Saccharomyces cerevisiae expressing
Als5p on the surface. Als5p-expressing yeast had increased intestinal accumulation rates when
compared to non-expressing S. cerevisiae or yeast expressing the amyloid deficient Als5pV326N,
respectively. Surprisingly, this accumulation delayed S. cerevisiae–induced killing of C. elegans.
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Treatment with the amyloid-inhibiting dye Congo red or repression of Als5p expression
abrogated the protective effect of Als5p. Being that reproductive fitness is the most important
measure of a pathogen’s impact on the host, we looked at oocyte quantity and quality	
  [3]. Als5p
had no effect on oocyte quantity or quality.
In order to understand why nematodes exposed to Asl5p were able to harbor the cells
expressing functional amyloid, we looked into the innate immune system of the nematode. TollLike receptors (TLRs) are important mediators of innate immune responses to Candida albicans,
and several classes of scavenger receptors have been implicated in recognizing and reacting to a
variety of ligands in humans[4]. The C. elegans genome encodes for a single TLR, TOL-1, and
scavenger receptor CED-1[4,	
  5]. CED-1 is the orthologue to mammalian scavenger receptor
SCARF1 and is required for defense against Cryptococcus neoformans[4,	
  6]. Our studies showed
that CED-1 was necessary for prolonged survival in the presence of Als5p, and TOL-1 was
required for death in C. elegans fed S. cerevisiae. We have further demonstrated the necessity of
CED-1 and TIR-1 in phosphorylation of ERK-2/MPK-2. The SAM and TIR domains of TIR-1
were shown to be necessary in discriminating the presence of functional amyloid, and thus elicit
specificity in downstream signaling. Remarkably, the presence of the HEAT/Armadillo domain,
alone, was sufficient to increase levels of phosphorylated ERK-2/MPK-2 in nematodes fed any
yeast strain in this study.
This study is the first to show that expression of amyloid-forming Als5p in S. cerevisiae
can: a) attenuate S. cerevisiae pathogenicity in C. elegans; b) move the yeast-host interaction
towards hallmarks of commensalism; c) be discriminated against by host pathogen recognition
receptors (PRRs) leading to a slower decline in viability; and d) can lead to distinct downstream
MAPK responses.
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INTRODUCTION
CANDIDA ALBICANS
Candida albicans is a commensal yeast normally found in the urogenital, nasopharyngeal,
and gastrointestinal tract of humans. It is classified as an opportunistic pathogen because under
particular conditions it can become a successful pathogen. Such conditions include natural
immunosuppression (e.g.. age, HIV infection) or artificial immunosuppression (e.g.
chemotherapy, steroid therapy) or introduction of the fungus into an unusual host niche (i.e.
following trauma). Adherence is critical in maintaining a commensal relationship as well as for
pathogenesis of C. albicans.
C. albicans colonization may result in a pathogenic state termed candidiasis. Candidiasis
can manifest itself in a variety of ways in the human host, including but not limited to
vulvovaginitis, urinary-tract infections, onychomycosis, oral thrush, and blood infections
(candedemias). Pathogenesis of Candida albicans is mediated by a variety of virulence factors.
A hallmark characteristic of C. albicans, which can also aid in its virulence, is its ability to take
on a variety of cellular morphology types. These include the yeast form, a thin thread-like hyphal
form, germ tubes, and pseudohyphae	
  [7]. Hyphae allow C. albicans to adhere and invade within
the host endothelium	
  [8,	
  9]. Hyphal formation, a hallmark of Candida, is thought to be the major
contributor to its pathogenesis and contributes significantly to its ability to produce biofilms.
Biofilms are single- or multi-species microbial communities that can inhabit biological
and non-biological surfaces. They possess intricate internal channels to provide cells with
nutrition, and a macromolecular external matrix that can protect them from dehydration and
antibiotic treatment. Furthermore, the close proximity of microorganisms in this community
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allows for transfer of antibiotic resistance genes that contribute greatly to the proliferation of
resistant strains. Although biofilms are immotile, members of this complex microbial consortium
can be shed and the shed cells can disseminate throughout the host, causing invasive disease	
  [10].
Additionally, cells in the outermost regions of the biofilm are most prone to antibiotic treatment	
  
[11,	
  12].

This is because these cells are metabolically active and thus are susceptible to the

antimicrobial agents. Cells found in the core of these biofilms, termed persister cells, tend to be
metabolically inactive and thus resistant to antibiotics	
  [11,	
  12]. Upon cessation of therapy in
patients whose clinical symptoms have faded, these persister cells become metabolic and
proliferate solely contributing to the foundations of a new biofilm. The reasons that biofilms are
clinically important thus become obvious.
Humans are the only known host of C. albicans. In fact, it colonizes the mucosal surfaces
of 30-60% of humans	
  [13]. Normally, the balance between human microbiota, the immune system
and C. albicans, however, contributes to the peaceful co-existence of host and microbe.
Unfortunately, when this balance is altered, Candida spp. can cause opportunistic infections
whose mortality rates in intensive care units can reach 75%	
  [14,	
  15]. Being that it is the most
prevalent human fungal pathogen, one can begin to understand why so much literature exists on
mechanisms by which C. albicans causes disease.
However, in order to flourish in the hostile environment of its host, C. albicans must be
able to quickly adapt in an ever-changing environment, to enable its success as both a
commensal and pathogenic microorganism. C. albicans can produce phenotypic variants that
differ from each other in gene expression patterns	
  [16]. At least two distinct sub-population of
fungal cells are thought to exist at any given time in a non-pathological state of C. albicans
colonization. Firstly, C. albicans cells that colonize the host in moderate levels while monitoring
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the immune status of the host, evading the host immune system but would exhibit resistance to a
host response. Secondly, humans are colonized by another sub-set of C. albicans cells that are
more abundant and are hyper-susceptible to host response and typically promote pathogenesis	
  [16].
When the balance of these cell populations are altered, a pathological state is achieved. This
hypothesis is not far- fetched since it has been demonstrated that other microorganisms produce
phenotypic variation to influence their colonization patterns. For example, Salmonella enterica
serovar Typhimurium exploits the inflammatory system of the host to eliminate competition by
other mibrobiota, and thus establish itself in the intestine of the host 	
  [17]. Avirulent strains of S.
enterica are able to elicit an inflammatory response, but are unable to establish themselves in the
host, because of their lack of virulence factors. Gentoypic variants of S. enterica that possess
virulence factors, will colonize the host and cause disease. Contraire to orthodox belief that
inflammation negatively impacts the incoming pathogen, it has been demonstrated that
inflammation and its subsequent shift of natural microbiota present at a host site can and will
favor the establishment of the pathogen. The establishment of the pathogen can only be achieved
if and when there is a balance in the sub-set populations.
C. albicans can also modify its gene expression profile depending on signals in its
environment. For example, C. albicans modifies its global gene expression within 10 min of
contact with human blood, mostly due to its interaction with granulocytes	
  [15,	
  18]. Some
upregulated genes include PRC-1, PRC-2, MEP-2, MEP-3, APR-1. Also, there is a substantial
shift in gene expression of planktonic C. albicans cells from those found in a biofilms (i.e. CDR2, MDR1, PDR16, ENG-1, SWC-1, TUP-1)	
  [19], as well as those isolated from healthy individuals
or candidiasis patients (i.e. PGA13, CWH41, INT1, RBT5, HWP1, YPS7)	
  [1].
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ALS GENES
Adherence is one of the most important features an opportunistic pathogen such as
Candida albicans possesses. C. albicans expresses an array of adhesins on its cell wall which
allow for adhesion onto biotic and abiotic surfaces. Some of these adhesins are expressed
constitutively, while others are specific to individual morphological forms. Yeast adhesins share
common features including a compact N-terminal domain similar to Ig or lectin domains, Thrrich “stalks” often in repeats which are highly conserved, and long highly glycosylated Ser/Thr
rich C-terminal regions	
  [20]. Agglutinin-like sequence proteins or Als proteins, are a major class
of adhesins that are found on the cell wall of Candida albicans and share the conserved structure
of other adhesins.
Eight genes encode the family of Als proteins. Als proteins have been shown to be critical
in the ability and efficiency of C. albicans to adhere to a variety of surfaces. Als1
and Als3 deficient strains have been shown to have reduced virulence	
  [21,	
  22], but also exhibit
decreased adherence to a variety of surfaces	
  [23]. Although the role of Als1p in pathogenicity has
been demonstrated in a murine model, studies involved the use of a mutated C. albicans strain
that had all other Als proteins fully functional	
  [24]. Even so, attenuation in virulence of C.
albicans in the absence of either ALS1, ALS3, and ALS5 gene products have been shown. This is
not definitive for its role in pathogenicity, but rather suggestive. Deletion of ALS1, for example,
may have led to the upregulation of another ALS or any other gene that may be commensalassociated and thus tip the balance towards tolerance rather than infection. Additionally, because
ALS gene products share high levels of conservation, their gene products may possess
complementary roles. Given the variability of the C. albicans genome	
  [25], it is important to study
the role of a particular protein in pathogenicity in a model in which its activity will not be
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influenced by redundancy of other proteins of the same family.
Our lab has previously demonstrated that Als5p and Als1p form amyloids which serve a
biological function in adherence of cells to each other and to other surfaces	
  [26,	
  27]. The amyloidforming region in Als5p is conserved amongst most members of the ALS gene family	
  [28].
Mutations in the amyloid forming region lead to decreased binding to fibronectin coated beads,
polystyrene, and yeast to yeast interactions	
  [26,	
  27,	
  29]. Our lab, has shown this using site-directed
mutagenesis in the amyloid-forming region of Als5p. Specifically, a single amino acid
substitution at position 326 (V326N) in the amyloid forming region, abolishes amyloid forming
ability while conserving secondary structure	
  [27]. Furthermore, a peptide homologous to the
amyloid forming sequence of Als5p, rescues activity of Als5pV326N cells, and conversely, a
V326N substitution peptide inhibits aggregation and biofilm activity in Als5pWT cells	
  [27].
Similarly, treatment of Als5p expressing cells with amyloid binding dyes Thioflavin T (ThT) and
Congo red (CR) significantly reduces the cell’s ability to adhere to BSA coated beads,
polystyrene and to each other. Als5V326N- expressing S. cerevisiae cells are unaffected by
treatment. These results are consistent with a role for amyloid formation in causing robust
aggregation of cells expressing amyloid-forming adhesins	
  [27].
Adherence to host tissue is key in the ability of an organism to colonize a niche. Als5p is a
Candida adhesin whose amyloid forming region is critical for its adhesive properties	
  [28,	
  30-‐33].
However, despite the importance of adherence to mediate pathogenicity and commensalism and
Als5p’s function in the former, none in-depth studies have been conducted to assay its role in
these processes.
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C. ALBICANS & INNATE IMMUNE SIGNALING
We discussed how C. albicans can cause infection, but how exactly does this opportunist
initially establish itself in the host? It is important to remember that there exists a complex,
highly dynamic interplay between host and microbe. Although commensal microorganisms are
not “attacked” by the host immune system, they are kept in check by the latter and thus are
allowed to inhabit a niche in the host. This is a result of the co-evolution of host and
microorganism, which allows the commensals to interact with their host’s immune system and
lead to immunotolerance	
  [34,	
  35]. Cell wall components of commensal microorganisms can and
will signal to their host that it is a “friend”, thus evading or incapacitating host defense
mechanisms. The latter can be achieved by either dampening an inflammatory response or
causing structural and molecular changes to moieties that would otherwise be recognized by host
surveillance, thus enabling them to remain colonized	
  [15,	
  19,	
  34,	
  36-‐38]. What makes a microorganism
a potential pathogen is not solely its ability to express a variety of virulence factors but rather its
inability to disprove it is a “foe”	
  [34]. This differentiation between “friend” and “foe” is mediated
in humans by receptors called Pathogen Recognition Receptors (PRR)	
  [37-‐39]. There are four
major classes of PRRs which include Toll-Like receptors (TLR), C-type lectin receptors,
nucleotide-binding oligomerization domain (NOD)-like receptors (NLR), and retinoic-acidinducible gene I (RIGI) receptors	
  [40,	
  41]. Of these, NLRs, TLRs and RIGI receptors have been
documented to be involved in the recognition of fungi.
PRRs bind Microbial Associated Molecular Patterns (MAMP) on the microorganism to
elicit pro- or anti-inflammatory responses. MAMPS have been described in C. albicans and they
include glucans, phospholipomannans, and phosphopeptidomannans, all of which alone can
stimulate the native immune system	
  [39,	
  40]. The question then arises how can C. albicans
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colonize the host long-term without being attacked by the immune system or causing damage to
the host?
A model has been proposed in which the relative stimulation of several different PRRs
influence the levels of pro- or anti-inflammatory responses. Yeast C. albicans are, for example,
recognized in the human host by TLR2 and TLR4 receptors	
  [37,	
  39-‐42](Fig. 1). The balance
between the pro- and anti- inflammatory signals that are elicited by these TLRs is critical in
regulating the outcome of the interaction. TLR2 downstream signaling mediates an antiinflammatory response that can be detrimental when activated excessively, while TLR4 mediates
pro-inflammatory signaling	
  [40]. When TLR2 is over-stimulated, TLR4 mediated proinflammatory responses are inhibited	
  [40,	
  43]. Likewise, recognition of the yeast form of C.
albicans by phagocytic receptors, complement receptor 3 (CR3) and Fcγ receptor (FcγR), can
inhibit TLR4 mediated pro-inflammatory signaling	
  [40]. The complexity of this immune response,
which moderates the commensalism vs pathogenesis process of C. albicans, is increased by its
ability to exist in a variety of cellular morphological types. In the hyphal state, for example,
glucans are not exposed to the environment and can therefore not bind dectin-1, resulting in
inhibition of pro-inflammatory responses (i.e. cytokine and chemokine production)	
  [40]. The
outcome of the host-microbe interaction is therefore highly dependent upon TLR2 and TLR4
inflammatory signaling cascades. Although there exists a high level of redundancy, each receptor
is able to activate specific downstream intracellular responses	
  [38-‐40]. The exact molecular
mechanisms by which receptor recognition occurs, and pro- or anti-inflammatory responses are
elicited are poorly understood	
  [44]. The PRRs activated, as well as the downstream responses,
show a high degree of variability based on site	
  [45]. It is clear, however, that mitogen-activated
protein kinase (MAPK) pathways are activated in response to Candida albicans, and that these
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responses do show high degree of discrimination between yeast and hyphal states	
  [45-‐47]. In fact,
in an oral epithelial cell infection model, a biphasic MAPK response was elicited	
  [45]. This
response was a novel finding since it was fungal burden- and fungal morphology- dependent.
Additionally, each of the two responses was elicited via distinct PRRs. General fungal cell wall
constituents are recognized (i.e. chitin, mannans, β-glucans) by their corresponding receptor,
which lead to the first phase of active MAPK pathways, as it establishes a general mechanism to
alert the host of fungal presence. The initial response is hyphae-independent and dependent on
fungal number via the activity of NF-κB, and p38MAPK/JNK signaling leading to the induction
of pro-inflammatory mediators via c-Jun	
  [45,	
  47]. Although, TLR-2/4, dectin and mannan receptors
are known to be the PRRs responsible for fungal recognition in myeloid cells and the initial
MAPK response in epithelial cells, they are not involved in the activation of the second response.
The latter involves activation of a MAPK phosphatase (MKP1) via ERK1/2 MAPK pathway and
the activation of transcription factor c-Fos via p38 MAPK signaling	
  [45,	
  47]. The second response
is dependent on hyphae and is activated by a yet unknown hyphal specific moiety, via either a
unique PRR, or non-canonical PRR activation. Together, this indicates that ERK1/2 signaling
plays a pivotal role in orchestrating inflammatory responses mediated by p38 MAPK signaling,
and further exemplifies the complexity and specificity of both host-microbe interactions and the
innate immune system.
Many Candida albicans cell wall moieties may evoke an immune in response to their
recognition by PRRs, as previously described. But in order to avert their extinction from the host,
they too must have evolved ways by which it can evade host responses. This is achieved via
expression, or lack thereof, of cell wall components. For example, wall protein Hyr1 prevents C.
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Figure 1. Innate immune recognition of Candida albicans and downstream activation of anti- and proinflammatory signaling cascades in mammals. Adopted from: Netea, M. G., G. D. Brown, B. J. Kullberg,
and N. A. Gow. 2008. An integrated model of the recognition of Candida albicans by the innate immune
system. Nat. Rev. Microbiol. 6:67-78. doi: 10.1038/nrmicro1815.

Figure 2. Activation of pro- and anti- inflammatory responses over time as colonization/infection pro
ceeds. Adopted from: Jouault T, Sarazin A, Martinez-Esparza M, Fradin C, Sendid B, et al. (2009)
Host responses to a versatile commensal: PAMPs and PRRs interplay leading to tolerance or infection
by Candida albicans. Cell Microbiol 11(7): 1007-1015. 10.1111/j.1462-5822.2009.01318.x.
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albicans from being killed by immune cells, whereas expression of cell wall superoxidase
dismutases (Sods) effectively extinguishes reactive oxygen species (ROS) produced by immune
cells	
  [48]. Furthermore, shedding of membrane bound mucin Msb2 mediated by secretory
aspartyl proteases (Saps), conveys resistance to antimicrobial peptides	
  [48].

COMMENSALISM/HOST-MICROBE INTERACTIONS
The conventional definition of a commensal organism is that of an organism that benefits
from colonizing a host’s niche but has no negative or positive effects on the host itself.
Casadevall and Pirofski however, define commensalism as a state of infection that results in
either no damage or clinically unapparent damage to the host, though it can still elicit an
immune response 	
  [49]. Almost always, the pathological state is attributed solely on the invading
microorganism. Often, the role of the host in succumbing to or preventing disease is ignored
despite the fact that the host response may dictate the outcome. For example, although
inflammation limits Candida albicans colonization in the GI tract, an exaggerated inflammatory
response decreases protection and instead increases susceptibility of the host to the fungus, as is
the case in patients that suffer from immune reconstitution inflammatory syndrome (IRIS)	
  [50].
It is important to remember that although commensal microorganisms are not “attacked”
by the host immune system, they are kept in check by the latter and thus are allowed to inhabit a
host’s niche. There exists a baseline immune activation that makes this a reality. This is a result
of the co-evolution of host and microorganism, which allows microorganisms to interact
cooperatively with their host’s immune system and lead to tolerance	
  [34,	
  35]. But how exactly do
we define tolerance and how is it different from resistance?
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Ecological immunology has defined two system-level properties that help differentiate
between the host’s ability to (i) reduce the impact of, and (ii) clear the invading microorganism	
  
[3].

The first property is defined as tolerance, whereas the second as resistance. Tolerance should

not be misdefined as a host’s resilience to a microorganism, but rather as the ability of a host to
maintain performance and reproductive traits in the absence of infection (regardless of
microorganism burden)	
  [51]. In the aforementioned example, the regulation of C. albicans
colonization in the GI tract is an example of tolerance, where the host is able to reduce the
potentially negative impact of a fungal infection. The activation of a robust inflammatory
response, even though ineffective in the example, and far more destructive to the host than would
be a fungal infection, is nonetheless an example of resistance.
Resistance is a well studied immunological property. Mechanisms by which the host
recognizes microorganisms, and the subsequent clearance strategies implemented have long been
the epicenter of immunology. Immunologists, are only recently visiting tolerance. Recent
mathematically-based, theoretical-evolutionary studies concluded that reproductive fitness is the
most important measure of a pathogen’s impact on the host (tolerance), as this affects how
tolerance traits are passed onto other generations	
  [3]. However, any positive physiological
property (health) can also be used as a measure for tolerance	
  [52].
In order to have a successful tolerant state, the host must not mount an energy costly
resistance response; thus immune responses are inducible. A host must be able to recognize and
respond to pathogens while recognizing and not responding to commensals. Well, how is this
done? Hosts are capable of recognizing cell wall constituents and other microbial products via
their PRRs whose presence they will restrict to locations where ignorance to mutualists and
commensals is facilitated, while responsiveness to pathogens is maintained	
  [3]. For example,
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expression of TLR5 (responds to flagellin) is limited to the basolateral side of the gastrointestinal
epithelium of mammals, thus limiting its activation only in response to microbes that invade the
epithelium	
  [3]. Since many members of the normal gastrointestinal flora possess flagella,
unnecessary resistance activation does not occur. However, in the event that a pathogen such as
Campylobacter jejuni is present, it will invade the epithelium and its flagella will inevitably
come in contact with TLR5 and subsequently elicit an immune response. The mechanism for
Candida albicans recognition as previously described were not once accompanied by studies that
have correlated the presence of C. albicans in humans with the prevalence of particular classes of
PRRs at those sites.

CAENORHABDITIS ELEGANS
Ceanorhabditis elegans is a microbivore nematode that is normally found in the soil. In the
research laboratory, it is grown on Nematode Growth Medium (NGM) with E. coli OP50 as its
food source. It makes an excellent model organism for a variety of reasons; small size, ease of
care, short reproductive life, large brood sizes, sequenced genome, real time observation of
infectious process and ease of genetic manipulation; just to name a few. It has been used as a
model organism to study many aspects of biology including but not limited to development,
neuroscience, genetics, aging, immunity and microbial pathogenesis.
Ceanorhabditis elegans excels as a model organism to study microbial pathogenesis,
because many bacterial and fungal pathogens of clinical importance cause infections in C.
elegans that results in the death of the nematode	
  [53]. Microbial pathogenesis assays in C. elegans
are easily performed by transferring nematodes onto agar plates with lawns of the potentially
pathogenic microorganism. When the animals ingest the pathogen, the latter can cause intestinal
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epithelial cellular damage, accumulate in the alimentary canal of the nematode, and cause
premature death to the infected animal	
  [53]. In addition to monitoring nematode survival,
pathogenicity can be assayed by using standard microbiological methods to quantify live
microbial cells in the intestine, observing the accumulation of the infecting microbes
microscopically, monitoring host gene expression using quantitative reverse transcriptionpolymerase chain reaction (RT-qPCR) or using transgenic worms carrying GFP reporter
constructs	
  [53].
Many of the virulence factors microbes use to enable pathogenesis in mammalian hosts
are also important for disease in Ceanorhabditis elegans	
  [54]. One example is, quorum-sensing
systems (important signaling molecules that can regulate gene expression in microbial
populations based on cell density) in Burkholderia cepacia (cep), Pseudomonas aeruginosa
(IasR), Serratia marcescens (luxS), Enterococcus feacalis (fsr), and Staphylococcus aureus
(agr). Bacterial capsules (polysaccharide outer layers that coat certain bacteria to aid in adhesion
and prevent phagocytosis) found on Staphylococcus aureus (cap5F, capJ, and capM) and
Cryptococcus neoformans (CAP59) are important virulence factors critical in mediating a
diseased state in both vertebrate and invertebrate hosts	
  [54].

C. ELEGANS INNATE IMMUNITY
One of the most dangerous threats that any living organism may encounter is that of
infection. Two defense mechanisms have evolved in metazoa that help recognize and mount
defensive attacks against microbial intruders and other foreign materials; the innate and adaptive
immune responses. The innate immune response is an initial, highly conserved pathway that is
the first line or only line of defense. The adaptive immune response however is a far more
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intricate immune response. It possesses memory of the foreign material (both biologic and nonbiologic) and produces antibodies by professional immune cells that are capable of recognition
and destruction of the intruder.
The natural habitat of C. elegans and its bacteriovoric feeding habits put the nematode at a
disadvantageous position for its maintenance of a disease-free state.
Nematodes inevitably encounter a variety of microorganisms in their environment that can be
detrimental to their well-being. Therefore, nematodes have evolved defense mechanisms to
counteract the effects of feeding on potential pathogens	
  [53,	
  55]. Taking its natural ecology into
consideration, its advantages as a genetics tool, as well as its highly conserved immune system,
C. elegans should prove to be indispensible in deciphering the genetics of innate immune
responses	
  [56].
C. elegans has recently become a powerful model to study innate immunity, supplementing
more established invertebrate models such as Drosophila melanogaster. Despite nematodes’ lack
of a circulatory system, devoted immune cells, and an adaptive immunity, they are capable of
eliciting a complex innate immune response with a high degree of specificity	
  [53,	
  55]. Two main
classes of immune effectors have been detected in C. elegans: antimicrobial factors and proteins
involved in detoxification (oxidative stress).
The C. elegans innate immune response can be characterized by signaling pathways
including: p38 mitogen-activated protein kinase, transforming growth factor-β (TGF- β),
programmed cell death/autophagy pathway, ERK pathway, and insulin-like receptor pathway	
  [56].
Although many of the components of these pathways are understood, many details, especially
regarding pathogen recognition and immune effectors are only poorly characterized and require
further investigation	
  [56]. Of the four pathways, three are thought to be important in initiating an
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innate immune response in the C. elegans intestine; the insulin-like receptor pathway, the p38
MAPK pathway, and the ERK MAPK pathway.
The DAF-2 (for abnormal Dauer formation)/insulin-like growth factor (IGF) pathway is
one of the best-characterized pathways, as it also regulates aging in C. elegans	
  [57]. DAF-2
activity shortens the lifespan of nematodes through its control of the FOXO-family transcription
factor DAF-16	
  [58]. Through DAF-2, an agonist ligand such as the insulin-like peptide DAF-28,
can sequentially activate the phosphoinositide 3-kinase AGE-1, phosphoinositide-dependent
kinase 1 (PDK-1), AKT-1, AKT-2 and serum/glucocorticoid-regulated kinase 1 (SGK-1) to
phosphorylate and prevent nuclear translocation of transcription factor DAF-16 	
  [58,	
  59]. In the
presence of an antagonist ligand such as INS-1 (or in daf-2 loss of function mutants), the
pathway remains inactive. Thus, there is no DAF-16 phosphorylation and subsequent nuclear
translocation	
  [59]. Microarray analysis studies have demonstrated a variety of DAF-16 gene
targets, including antimicrobial genes lys-7 and lys-8, saposin (related to natural killer cell lysins)
encoding genes and thaumatins which are known to have antifungal activity in plants	
  [57].
Loss of function mutations in daf-2 or age-1 constitutively activate the DAF-16 pathway,
resulting in increased C. elegans lifespan and enhanced resistance to both Gram positive and
negative pathogens	
  [58,	
  59]. However, in C. elegans, lifespan regulation and stress resistance are
achieved via distinct, unique genetic events from those required in response to pathogens	
  [58].
Indeed, analysis of genes that are under the control of DAF-16 after infection reveal a limited
overlap with those involved in stress response	
  [55]. Surprisingly, most of the pathogen-induced
immunity genes downstream of the PMK-1/p38 pathway are repressed by DAF-16/FOXO	
  [55].
This result implies that other, DAF-16, independent pathways may be involved in the host
response to intestinal infection and tissue damage	
  [58]. Further, in opposition to what is observed
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in C. elegans is response to abiotic stresses, nuclear translocation of DAF-16/FOXO has never
been detected in response to microbial exposure	
  [55].
The p38 MAPK pathway is a major pathway regulating immunity in the nematode
intestine. This pathway protects against infection, and the genes that are regulated by the p38
MAPK pathway are distinct from those regulated by DAF-16 signaling	
  [60]. This cascade
involves orthologues to human ASK1 (a MAPK kinase kinase), MKK3 AND MKK6 (MAPK
kinases) and p38 (a MAPK); NSY-1 (neuronal symmetry family member 1, SAPK/ERK kinase I
(sek-1) and a p38 MAPK family member 1 (pmk-1) in C. elegans respectively. All of these have
direct roles in the innate immune response of mammals	
  [58,	
  59,	
  61]. PMK-1 can act cell
autonomously in both the intestine and the hypodermis, and knockdown via RNAi increased the
sensitivity of C. elegans to both Gram negative and positive pathogens, as well as C. albicans,
suggesting that this pathway is involved in protection against a variety of microorganisms	
  [61,	
  62].
The targets of this cascade however, and mediators of such defense are, as yet, poorly
understood, as are the triggers that bring about its activation	
  [61].
Some studies have tried to investigate the mediators of p38 downstream defenses,
showing some promising results. SARM (sterile a- and armadillo-motif-containing protein) is a
TIR (Toll-interleukin 1 receptor (IL-1R)) domain-containing adaptor in humans that downregulates downstream effectors initiated by TLR signaling	
  [63-‐65]. Proteins that contain a TIR
domain are usually associated with innate immune signaling pathways across many living
organisms ranging from Dictyostelium to C. elegans to humans	
  [65-‐67]. TIR-1, a SARM
homologue, has been showed to act upstream of the conserved p38 MAPK pathway in C.
elegans, independent of TOL-1	
  [66]. TIR-1 contains three functional domains, SAM, TIR, and
HEAT/Armadillo domains, each of which carries out important functions. In C. elegans, and in

	
  

16	
  

response to Pseudomonas aeruginosa (PA14), deletion of SAM and TIR domains of TIR-1
resulted in an enhanced pathogen susceptibility phenotype with diminished T24B8.5 (a
p38/PMK-1 transcriptional target homologous to ShK toxin peptides) transcription, indicating a
function of these domains in immunity	
  [68]. The HEAT/Armadillo domain truncation mutant of
TIR-1, had no evident changes in T24B8.5 transcription, and was characterized by its lack of
increased pathogen susceptibility	
  [68]. This suggests that HEAT/Armadillo domain is not
necessary for TIR-1 activation, and thus dispensable for innate immunity.
TIR-1, via p38/PMK-1, can mediate the nuclear translocation of SKN-1, a transcription
factor that is responsible for coordinating oxidative and microbial stress responses in the
nematodes	
  [69]. Elicitation of a robust immune response, however, may be lethal to any living
organism, and can be achieved at the expense of other genes (Fig. 2). Excessive SKN-1
activation, for example, leads to an increase in anti-oxidative defense while repressing pathogenspecific defense mechanisms. Similarly, excessive activation of DAF-16 leads to a decrease in
pathogen resistance	
  [69]. Clearly, there must exist a highly controlled regulation of immune
responses to avoid death and damage to oneself.
The ERK-1/2 MAPK orthologues in C. elegans are MPK-1A and MPK-1B. In mammals,
ERK-1/2 are considered important kinases in the immune response, allowing for T-cell
activation, thymocyte selection, as well as playing a key role in cross-regulation among different
signaling pathways	
  [70]. The ERK-1/2 pathway is implicated in the host’s response to C. albicans
epithelial cell infection. This is not achieved by directly stimulating cytokine production, but
instead by controlling and resolving their production due to p38 and JNK signaling	
  [45]. Despite
their function in mammals, we know little about the role(s) of MPK-1A/B role in the C. elegans
immune system. Most studies have focused on its role in cell fate specification, and cell
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migration, rather than immunity	
  [71,	
  72]. What has been identified in terms of its role in the innate
immune system of C. elegans is its critical role in mediating resistance to the Gram positive
Microbacterium nematophilum	
  [73]. MPK-1 cascade is believed to have a localized role in the
rectal and anal region of C. elegans, inducing a swelling of the region of the nematode, however,
activators and outputs of the swelling response remain unknown.
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AIMS OF THIS RESEARCH
There exists a fine line between commensalism and pathogenicity, both states being outcomes of
the host-microbe interaction linked to the characteristics of both the host and microbe	
  [50]. It is
these characteristics assayed in this study using C. elegans and S. cerevisiae as models for host
and microbe respectively. The model has uncovered a novel biological role of an amyloidogenic
protein in offering protection of the host from pathogen induced lethality. Furthermore, we have
been able to describe the molecular mechanism and innate immune pathways responsible for this
effect.

SPECIFIC AIMS
Specific Aim I:
To test the hypothesis that Als5p is critical in mediating Candida albicans commensalism in the
host in an amyloid-dependent manner.

Specific Aim II:
To test the hypothesis that Als5p is a commensal associated molecular pattern (CAMP) to which
the Caenorhabditis elegans immune system responds.
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CHAPTER I: DOES CANDIDA ALBICANS ALS5P AMYLOID
PLAY A ROLE IN COMMENSALISM IN CAENORHABDITIS
ELEGANS ?
	
  

INTRODUCTION
Candida albicans is a dimorphic commensal yeast that normally colonizes human
nasopharyngeal and urogenital tracts. Although C. albicans is one of the most commonly
isolated causes of nosocomial fungal infections in immunocompromised patients, it is generally
harmless to the healthy population. In the healthy population the host has mechanisms such as
the microbial flora, epithelial barriers and the innate immune system that control its presence 	
  [74].
C. albicans adheres to and colonizes the host with the help of a myriad of adherence
proteins which are important in both commensalism and pathogenesis. The agglutinin-like
sequence (Als) family of proteins constitutes one prominent class of Candida adhesins. There are
eight ALS genes in the Candida albicans genome, and their products are GPI-anchored
glycoproteins homologous to the α-agglutinin protein of Saccharomyces cerevisiae 	
  [75]. Each Als
protein has a similar domain structure that includes: conserved tandem N-terminal Ig-like invasin
domains which determine substrate specificity, a T-domain that allows for amyloid formation, a
region with a variable number of 36-amino acid tandem repeats (TR domains), and a
glycosylated C-terminal serine-threonine rich stalk domain that links to a modified GPI anchor
that covalently attaches Als proteins to the cell wall of C. albicans 	
  [24,	
  76]. When transgenically
expressed in Saccharomyces cerevisiae, Als5p mediates fungal aggregation and also causes
adherence to laminin, gelatin, fibronectin, FaDU epithelial cells, as well as endothelial cells in
vitro 	
  [23,	
  77].
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The amyloid forming region in Als5p and other adhesins is important for robust
adherence and yeast aggregation onto a variety of surfaces 	
  [20,	
  26,	
  28,	
  78]. This region mediates
clustering of adhesin molecules on the surface to form amyloid-like nanodomains that have high
avidity for ligands 	
  [2,	
  27]. Consequently, a single amino acid substitution, V326N, in the amyloidforming region of Als5p abolishes its ability to form amyloids, cell surface nanodomains, cell
aggregates, and biofilms on polystyrene 	
  [2,	
  27,	
  33]. As a natural extension, we sought to assay the
role of Als5p and its in vivo interactions with the host, as these functions are thought to play a
role in both pathogenesis and commensalism.
Caenorhabditis elegans is a free-living microbivore nematode whose use as a model
organism across various fields of biology has been expanding in the recent years. C. elegans is
an emerging model for the study of innate immunity and host-pathogen interactions 	
  [4,	
  53,	
  54,	
  79-‐86].
A variety of virulence factors are important in mediating bacterial and fungal pathogenesis in
humans also causes disease in nematodes. To date, however, C. elegans has never been used to
study commensal associated proteins that may be important in this dynamic interplay between
host and microorganism. Our study represents the very first attempt to our knowledge to assay
and demonstrate the role of cell wall adhesin, Als5p, and its functional amyloid in
commensalism and adherence in vivo.
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MATERIALS & METHODS
STRAINS AND MEDIA
Fluorescent Saccharomyces cerevisiae strains containing pJL1-Als5, pJL1-EV and pJL1Als5V326N 	
  [27] were generated by transformation with GFP and RFP expression plasmids
pADH1-GFP and yEPGAP-Cherry that were kindly provided by Neta Dean’s laboratory (Stony
Brook University, New York) 	
  [87]. Resulting strains were grown in SD medium lacking uracil
and tryptophan at 24°C to induce expression. Galactose (2%) was the carbon source unless
otherwise stated. Candida albicans strain BWP17 expressing ADH1pyEmRFP (referred to as
BWP17 throughout the study) was also gifted to us by the Dean laboratory, and was grown in
YPD broth at 24°C. Nematodes were propagated on modified Nematode Growth Medium
(40mg/L adenine, 3g/L NaCl, 17g/L agar, 2.5g/L peptone, 20g/L galactose, 10g/L yeast extract,
1mL 1M CaCl2, 1mL 1M MgSO4, 25mL 1M KPO4, 1mL of 5mg/mL cholesterol in 95% EtOH)
and fed E. coli OP50. C. elegans was maintained at 18°C. E. coli OP50 was grown overnight in
LB broth at 37°C. In Congo red experiments, plates were made as described above with the
addition of Congo red at a final concentration of 30µM. All C. elegans N2 strains and E. coli
OP50 were provided by the Caenorhabditis Genetics Center (CGC), which is funded by NIH
Office of Research Infrastructure Programs (P40 OD010440).

INTESTINAL ACCUMULATION ASSAY
C. elegans grown on modified NGM plates was inoculated with E. coli OP50 as previously
described 	
  [88]. For experiments with S. cerevisiae, the nematodes were fed on suspensions of S.
cerevisiae transformed with pJL1, pJL1Als5V326N, or pJL1EV (denoted below, respectively, as
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“Als5p-expressing,” “Als5pV326N- expressing,” and “EV” strains) 	
  [27]. The agar plates were
modified NGM plates spotted with 100µL of a suspension of Als5p-expressing, Als5pV326Nexpressing, or EV S. cerevisiae cells (OD600=2), or Candida albicans BWP17 (OD600=2). For
mixing experiments 100µL of a 1:1 Als5p-expressing (OD600=2) and EV cell mixture was
spotted on NGM plates. After 24 hours the plates were washed twice in 3mL M9 buffer (5.8g/L
Na2HPO4; 3.0g/L KH2PO4; 0.5g/L NaCl; 1.0g/L NH4Cl) to rinse off nematodes, which were
collected in a 15mL conical tube (~5.5mL total). The pooled suspensions were centrifuged for
1min at 500rpm, after which the supernatant was slowly decanted. This washing procedure was
performed five times in order to ensure that residual yeast were removed. The nematode pellet
was then re-suspended in 500µL of M9 buffer. To enumerate the number of nematodes in the
pellet, we visually inspected 100µL aliquots under a stereoscope (triplicate). We then transferred
100µL of worm suspension to a tube containing 900µL 6M urea and five glass beads (5mm in
diameter), vortex mixed at maximum speed for 5 mins, and immediately diluted 1:10, 1:100 &
1:1000 into M9 buffer. The yeast suspensions (100 µL aliquots) were then plated on appropriate
selective media (CSM-Ura-Trp+Gal+Ade for EV/Als5p/Als5pV326N; YPAD for BWP17) and
incubated at 30°C for 48hours.

C. ELEGANS SURVIVAL ASSAY
In preparation for survival assays, eggs were obtained by standard bleaching technique as per
Stiernagle

[88]

. Briefly, C. elegans stock plates that had many gravid hermaphrodites were washed

with sterile H2O. The suspension was collected in a sterile 15 ml conical centrifuge tube with
cap. Sterile H2O was added to a total 3.5 mL. 0.5mL of 5M NaOH was pre-mixed fresh with
1mL of 5% household bleach and added to this 3.5mL solution. The solution was then vortex
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mixed and centrifuged, and the pellet was washed twice. The pellet was resuspended in 3mL
sterile M9 buffer. Eggs were placed on lawns of E. coli OP50 at 24°C until they were L4 larvae
to early adults. Modified NGM plates, supplemented with 2% galactose (unless otherwise
stated), kanamycin and ampicillin (to inhibit the growth of E. coli OP50), were spotted with
yeast strains (OD600=2) and approximately 50 L4 larvae to early adult nematodes unless
otherwise indicated. All survival assay plates were incubated at 18°C for 96 hours. During the
reproductive period, adults were transferred daily to fresh plates. Worm mortality was scored
over time, with a worm being considered dead when it failed to respond to touch. Nematodes that
were not recovered from the plates were censored from the study. The percentage of C. elegans
alive for each given day was calculated using the following formula:

!
#
%Alive = #
#
"

# worms
total

$
alive & !
& ' #"
&
%

% alive

$
previous day &
%

MICROSCOPIC ANALYSIS
For visualization of yeast in the nematode intestines, nematodes were fed the yeast strains at
18°C, after which they were picked from experimental plates and mounted on 2% agar pads and
immobilized in 7-10µL of 15mM sodium azide. Slides were viewed under an Olympus BX51
microscope using an Olympus DP71 camera. Overlays of fluorescent and brightfield images
were inspected by an evaluator blinded to the identity of the yeast in each experiment. Each
sample was scored on a semi-quantitative log2-based scale: <10 cells (1 unit); 11-20 cells (2
units); 21-40 cells (3 units); 41-80 cells (4 units) and >80 cells (5 units).
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OOCYTE QUALITY ANALYSIS
In preparation for the oocyte quality analysis, early L4 larvae were obtained by techniques used
in the survival assay described previously. Modified NGM plates, supplemented with kanamycin
and ampicillin, were spotted with Als5p-expressing, Als5pV326N-expressing, or EV S. cerevisiae
cells as well as E. coli OP50 and a single nematode was placed on each plate. Plates were then
incubated at 18°C. Each independent assay was carried out four times, with a total population
size of 5-7 nematodes for each microorganism strain, per experiment. During the reproductive
period, adults were transferred daily to fresh plates. Eggs laid and those of which hatched were
scored over time at 24 hour intervals. The percentage of viable C. elegans eggs for each given
day was calculated using the following formula:

⎛ # eggs laid ⎞
⎟⎟ × 100
%viability = ⎜⎜
⎝ # eggs hatched ⎠
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RESULTS
ALS5P MEDIATES YEAST OCCUPANCY WITHIN THE C. ELEGANS INTESTINE
Accumulation of intact microbial cells in the intestine of C. elegans has been proposed to be an
indicator of infection 	
  [53,	
  54,	
  61]. We investigated whether Als5p mediates intestinal residence in C.
elegans, using yeast cells expressing cytoplasmic fluorescent proteins. Candida albicans strain
BWP17 accumulated within the nematode intestine in large numbers with pronounced intestinal
distention (Figs. 3A and 4A). We therefore hypothesized that, if Als5p mediates binding to C.
elegans, protein expression on the cell surface of S. cerevisiae would render this yeast
pathogenic and cause yeast to accumulate in the nematode intestine. As expected, we observed
Als5p-expressing yeast cells throughout the intestine of the nematode (Fig. 3B). In contrast, there
were many fewer cells in worms harboring an empty vector (EV cells), with a distinct diffuse
fluorescence throughout the intestine (Fig. 3D). Therefore expression of Als5p in S. cerevisiae
resulted in much greater fungal retention than in non-expressing cells (Figs. 3, 4A).
To support these results we counted fungi in the intestine and represented the numbers
using a log scale as described in materials and methods. The counter was blinded to the identity
of the ingested fungi. As expected, nematodes fed Als5p-expressing cells were occupied by
fungal cells in significantly higher numbers than those fed EV cells (Fig. 4A). Additionally,
viable cells were recovered from C. elegans 24 hours post feeding to quantify the number of
cells occupying the nematode intestines. Fed nematodes were picked, washed and lysed in urea,
which dissociates aggregated yeast cells 	
  [77]. The dissociation conditions (see materials and
methods) had no effect on the viability of S. cerevisiae strains used in this study or Candida
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Figure	
  3.	
  Accumulation	
  of Saccharomyces cerevisiae and Candida albicans
strains in the intestine of Caenorhabditis elegans. Micrographs of wild-type C.
elegans, N2 strain, fed (A) Candida albicans BWP17 (B) Als5p-expressing, (C)
Als5pV326N-expressing, and (D) EV- expressing S. cerevisiae after 24 hours. 	
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albicans BWP17 (data not shown). The mean fungal burden for S. cerevisiae expressing Als5p
was 75 colony-forming units (CFU) per worm, 8.5-fold more than EV negative control cells (Fig.
4B). This result confirmed the observation that Als5p expression rendered viable yeast more
persistent in the intestine. C. albicans strain BWP17 was recovered from the intestine of the
nematodes at rates higher than any of the other yeast strains (Fig. 4B); similar to what was
observed microscopically (Figs. 3, 4A).

THE ALS5P AMYLOID SEQUENCE IS CRITICAL FOR INTESTINAL ACCUMULATION
The amyloid-forming region of Als5p potentiates adherence in the S. cerevisiae expression
model and a V326N mutation is sufficient to abolish amyloid formation and severely inhibit
adhesion in vitro 	
  [27]. Therefore, we assayed the effect of the amyloid sequence in the C. elegans
infection model. Intestinal accumulation of cells expressing Als5pV326N was less than those of
Als5p, and similar to or slightly more than EV cells (Fig. 3C vs B, D). Intact Als5p- expressing S.
cerevisiae accumulated in the intestinal tract of C. elegans in greater numbers than Als5pV326Nexpressing cells (Fig. 4A). CFU counts showed 3.5-fold fewer mutant Als5pV326N-expressing
cells isolated from the C. elegans intestine than Als5p-expressing cells (Fig. 4B). These results
suggested that Als5p amyloid function mediated adherence in C. elegans, and led to decreased
mortality of the nematodes.

ALS5P DECREASES S. CEREVISIAE-INDUCED MORTALITY IN C. ELEGANS
We assayed survival times, comparing nematodes fed C. albicans, or S. cerevisiae expressing
Als5p, Als5pV326N, with EV or E. coli OP50 to determine whether increased intestinal occupation
of viable Als5p expressing yeast cells was lethal to the host (Fig. 5A). Candida albicans BWP17
	
  

28	
  

A

Yeast Strain

BWP17

EV

**
**

V326N

Als5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Log Scale

B

Yeast Strain

BWP17

EV

*

*

V326N

*

*

Als5

0

100

200

300

400

500

600

Colony Forming Units (CFU)

Figure 4. Effect of functional Als5p amyloid on intestinal occupation in C.
elegans. (A) Accumulation of intact yeast cells counted in C. elegans alimentary
tracts after 24hrs, mean ± s.e.m. (standard error of the mean) for n ≥ 10 worms per
food source. See Methods for details. (B) Live fungi recovered from C. elegans
after 24 hours feeding. Mean ± s.e.m. from two independent experiments where
more than 50 animals were used in each trial. CFU (Colony Forming Units) are
per nematode. (*) indicates a student t-test p<0.05; (**) indicates a student t-test
p<0.005.	
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killed C. elegans more rapidly than S. cerevisiae, killing most nematodes by day 2 and all of
them by day 4 (Fig. 5A). Feeding S. cerevisiae killed the nematodes, but it was less lethal than C.
albicans. Interestingly, the worms fed S. cerevisiae Als5p survived longer than nematodes fed
EV control yeast. Specifically, 48 hours post-exposure, there were 20% more C. elegans alive
on Als5p expressing yeast cells (p<0.005), than nematodes fed EV control yeast cells (Fig. 5A).
This delayed lethality continued through days 3 (p<0.005) and 4 (p<0.05), with 20% and 14%
more nematodes alive on Als5p- expressing cells than EV control cells respectively (Fig. 5A).
Nematodes fed Als5p- expressing cells had a time to 50% death (TD50) value of 84.3 hours, 35.6
hours more (p<0.005) than nematodes fed EV control cells (Fig. 5B). This mortality was similar
to that observed for nematodes fed E. coli OP50 (Fig. 5C). Expression of fluorescent proteins
had no effect on the mortality rates of C. elegans since non-fluorescent strains exhibited similar
survival rates as their fluorescent counterparts (data not shown). Together these results indicated
that the C. albicans adhesin Als5p increased colonization in the intestine of the nematodes and
reduced the lethality of S. cerevisiae.
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Figure 5. Survival of C. elegans challenged with Saccharomyces cerevisiae strains. (A) Percent of C.
elegans alive, starting with young adult animals fed on Als5p-expressing, Als5V326Np-expressing, EV S.
cerevisiae, or C. albicans BWP17 over 4 days. Data are from eight independent experiments; more than
50 animals were used in each case. (B) Hours post- exposure at which 50% nematodes fed the indicated
yeast strains have died. Data are from eight independent experiments; more than 50 animals were used in
each case. (*) indicates a student t-test for difference from Als5p with p<0.05; (**) indicates a student ttest p<0.005. (C) Percent of C. elegans alive, starting with young adult animals fed on Als5p-expressing,
or E. coli OP50 over 4 days. Data are from three independent experiments; more than 50 animals were
used in each case.
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Figure 6. Glucose repression of Als5p expression results in loss of C. elegans protection.
Percent of C. elegans alive, starting with young adult animals fed on Als5p, and EV expressing S.
cerevisiae over 4 days on media containing glucose. This would repress the expression of Als5p
on the cell surface. Data is from nine independent experiments; more than 55 animals were used
in each case. There were no significant differences between the viabilities of nematodes fed Als5p
expressing cells and EV negative control cells when grown in the presence of glucose.	
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We hypothesized that if Als5p contributed to the decreased mortality, then feeding
nematodes on yeast grown on glucose would abrogate the observed reduction in mortality,
because Als5p was expressed under a GAL1 promoter. Indeed, S. cerevisiae harboring the pJL1
and pJL1-EV killed nematodes at rates similar to each other and to EV yeasts in the galactosecontaining medium (Fig. 6). Thus, repression of Als5p expression led to more rapid death of the
nematodes. This data supports that Als5p is necessary for prevention of rapid S. cerevisiaeinduced mortality.

THE ALS5P AMYLOID SEQUENCE IS NECESSARY FOR MORTALITY REDUCTION IN
C. ELEGANS
Because the amyloid-forming Als5p increased both fungal burden and survival of the worms, we
determined whether the amyloid sequence was responsible for the increased survival. We fed
nematodes yeast cells expressing the non-amyloid forming adhesin Als5pV326N. The amyloiddeficient mutant protein did not prolong nematode survival (Fig. 5A). More specifically,
nematodes fed Als5pV326N-expressing cells had a TD50 value of 57.3 hours, 27 hours less
(p≤0.005) than that of nematodes fed Als5p expressing cells (Fig. 5B), and similar to that of
control EV yeasts. On day 2, there were 17% more nematodes alive on Als5p than on Als5pV326N
expressing yeast cells, with that number going to 20% and 14% on days 3, and 4 respectively
(Fig. 5A). The statistical significance of the difference between Als5p versus Als5pV326N was
p<0.05 throughout the study. The viability of C. elegans fed Als5pV326N- expressing S. cerevisiae
and EV negative control cells were similar for days 1 through 4, strongly suggesting that
Als5pV326N mutants behaved more like EV cells rather than Als5p expressing yeast cells.
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Figure 7. Defecation rates of C. elegans challenged with Als5p-, Als5V326Np-, EV- expressing
S. cerevisiae for 24 hours. C. elegans were fed on Als5p-expressing, Als5V326Np-expressing, EV
S. cerevisiae, or C. albicans for 24 hours. Data are from two independent experiments (n=21).
Asterisks show significance levels for deviations from Als5p-expressing S. cerevisiae. (**)
indicates a student t-test p<0.005; (***) indicates a student t-test p<0.0005.
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C. ELEGANS FED ALS5P-EXPRESSING S. CEREVISIAE EXHIBIT NORMAL
PHYSIOLOGICAL PROCESSES
In order to determine if any of the nematodes fed Saccharomyces strains exhibited signs of
infection, we assayed muscle function and movement in defecation 	
  [89,	
  90]. Defecation is a highly
regulated process that is vital to the nematode’s constant fight against infection by ensuring that
microorganisms ingested are not allowed to colonize the alimentary tract and persist for any
period of time 	
  [89,	
  91]. Nematodes fed Als5p-expressing S. cerevisiae cells defecated at rates
similar to those fed E. coli OP50, indicating that nematodes fed Als5p-yeast exhibited normal
physiological processes. Conversely, there was a significant difference between the defecation
rates of nematodes fed Als5pV326N-expressing, and EV S. cerevisiae cells. The defecation rates of
nematodes fed EV and Als5pV326N- expressing cells were slower by 13.2 seconds (p<0.00001)
and 6.7 seconds (p<0.05), respectively, when compared to those fed Als5p- expressing cells (Fig.
8), indicating infection and constipation.
Oogenesis is a sensitive marker of reproductive changes resulting from starvation.
Nematodes undergo an oogenic germline starvation response which results in reduced embryo
viability, and increased lifespan 	
  [92]. Starvation can lead ultimately to matricide by eggs hatching
within the hermaphrodite’s uterus. To determine if nematodes were being starved in the presence
of Als5p-expressing, Als5pV326N-expressing, and EV S. cerevisiae cells, we fed nematodes the
aforementioned fungal cells and counted the number of eggs laid and the number of eggs hatched
over time. Nematodes fed Als5p- expressing cells, laid a similar number of eggs as nematodes
fed either Als5pV326N-expressing or EV cells, 24-72 hours post feeding (Fig. 8). The number of
eggs laid was similar to those laid by worms fed E. coli OP50 for the first 24 hours, but was
decreased at 48 and 72 hours. In contrast, the fraction of eggs that hatched was not significantly
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different between nematodes fed any S. cerevisiae strains or OP50. These results, together with
the differences in mortality rates of nematodes fed Als5p-expressing, Als5pV326N-expressing, or
EV cells suggests that nematodes are not undergoing starvation and that the decreased mortality
rate observed in this study is Als5p dependent.

AMYLOID BINDING DYE CONGO RED NEGATES ALS5P EFFECTS
Amyloid	
  binding	
  dyes	
  are	
  used	
  for	
  visualization	
  of	
  these	
  insoluble	
  fibrils,	
  but	
  at	
  higher	
  
concentration	
  their	
  presence	
  can	
  also	
  prevent	
  amyloid	
  formation	
  	
  [93].	
  Accordingly,	
  Congo	
  
red	
  (CR)	
  decreases	
  aggregation	
  of	
  Als5p	
  expressing	
  S.	
  cerevisiae	
  cells	
  to	
  each	
  other	
  	
  [27].	
  
Therefore	
  we	
  hypothesized	
  that	
  performing	
  our	
  survival	
  assays	
  on	
  plates	
  containing	
  CR	
  
would	
  prevent	
  amyloid	
  formation,	
  and	
  negate	
  the	
  Als5p-‐	
  mediated	
  protective	
  effect.	
  In	
  fact,	
  
the	
  presence	
  of	
  30μM	
  CR	
  inhibited	
  Als5p	
  amyloid-‐mediated	
  life	
  extension	
  (Fig.	
  9A).	
  In	
  
detail,	
  addition	
  of	
  30µM CR to the agar plates led to death of the nematodes fed Als5p-	
  
expressing	
  yeast	
  at	
  rates	
  similar	
  to	
  worms	
  fed	
  EV	
  cells	
  (Fig.	
  9A	
  vs	
  Fig.	
  9C).	
  The	
  mortality	
  of	
  
nematodes	
  fed	
  Als5p	
  strains	
  in	
  the	
  presence	
  of	
  CR	
  increased	
  at	
  statistically	
  significant	
  
amounts	
  48	
  hours	
  and	
  72	
  hours	
  post-‐exposure	
  when	
  compared	
  to	
  those	
  in	
  the	
  absence	
  of	
  
CR.	
  Specifically,	
  there	
  were	
  about	
  20%	
  more	
  nematodes	
  alive	
  fed	
  Als5p-‐S.	
  cerevisiae	
  	
  in	
  the	
  
absence	
  of	
  CR	
  than	
  in	
  its	
  presence	
  during	
  this	
  time	
  (p≤0.05).	
  CR	
  did	
  not	
  affect	
  the	
  viability	
  
of	
  the	
  yeast	
  or	
  nematodes	
  (data	
  not	
  shown).	
  The	
  addition	
  of	
  CR	
  did	
  not	
  affect	
  the	
  survival	
  
of	
  worms	
  fed	
  amyloid	
  mutant	
  protein-‐expressing	
  cells	
  or	
  EV	
  non-‐expressing	
  cells	
  (Figs.	
  9B,	
  
C).	
  	
  Together	
  these	
  data	
  strongly	
  suggest	
  that	
  the	
  diminished	
  lethality	
  observed	
  in	
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Figure 8. Oocyte quality of eggs laid by C. elegans when challenged with Als5p-expressing,
Als5V326Np-expressing, EV S. cerevisiae. (A-C) Number of eggs laid and hatched by C. elegans fed
at (A) 24 hours, (B) 48 hours and (C) 72 hours on Als5p-expressing (l), Als5V326Np-expressing (¡),
and EV S. cerevisiae (q), or E. coli OP50 (r) over three days. Data are from six independent
experiments; more than 5 animals were used in each case.	
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nematodes	
  fed	
  Als5p-‐expressing	
  yeast	
  cells	
  was	
  not	
  only	
  dependent	
  on	
  Als5p,	
  but	
  
specifically	
  mediated	
  by	
  the	
  amyloid	
  forming	
  ability	
  of	
  this	
  protein.	
  
	
  
ALS5P CAN ATTENUATE MORTALITY INDUCED BY S. CEREVISIAE
In order to evaluate if Als5p-expressing and non-expressing S. cerevisiae can co-habit the
intestine of the C. elegans host, we fed nematodes a 1:1 mixture of Als5p-expressing and EV
cells. We found that many nematodes retained a large number of EV cells along with a similar
number of Als5p-expressing cells (Fig. 10C, D). Similarly, in nematodes whose intestines
retained few Als5p-expressing cells there were few EV cells present (data not shown). We also
evaluated the mortality rates of these nematodes. Nematodes fed a mixture of Als5p-exppressing
and EV cells had mortality rates similar to those fed only Als5p-expressing cells (Fig. 11A).
Both of these experimental groups had decreased mortality rates compared to those fed solely
EV control cells.
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Figure 9. Effect of Congo red (CR) on S. cerevisiae-mediated killing of C. elegans.
Percent of C. elegans alive, starting with young adult animals fed on Als5p-expressing S.
cerevisiae over 4 days in the presence and absence of 30µM CR. Data are from five
independent experiments with at least 50 animals per experiment: (A) Nematodes fed Als5pexpressing S. cerevisiae; (*) indicates a Student’s t-test p<0.05. (B) Nematodes fed
Als5V326Np-expressing S. cerevisiae; (C) nematodes fed on EV S. cerevisiae.	
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Figure 10. Mixed feeding effects of Als5p-expressing and non-expressing strains
on Caenorhabditis elegans. (A) Percent of C. elegans alive, starting with young adult
animals fed on Als5p-expressing, EV S. cerevisiae, or a 1:1 mixture of the two strains
over 4 days. Data are from three independent experiments; more than 50 animals were
used in each case. (B-E) Micrographs of wild-type C. elegans, N2 strain fed a 1:1
mixture of (C) Als5p-expressing (green) and (D) EV S. cerevisiae (red) after 24 hours;
(E) overlay of the FITC and TRITC channels.
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Figure 11. Effect of functional Als5p amyloid on intestinal occupation in C. elegans over
time. Accumulation of intact yeast cells counted in C. elegans alimentary tracts after 24, 48,
72 and 96 hours, mean ± s.e.m. (standard error of the mean) for n ≥ 53 worms per food
source. See Methods for details. Significance was determined by Student's T-test with p
values relative to Als5p- expressing S. cerevisiae. (*) indicates a student t-test p<0.05; (**)
indicates a student t-test p<0.005; (***) indicates a student t-test p<0.0005.	
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DISCUSSION
Our data suggest that Als5p is not critical for pathogenesis, but rather it can move the
relationship towards a commensal-like state. The expression of Als5p moved the yeast-host
interaction towards each of the hallmarks of commensalism: a) increased occupancy of the host
nematode by Als5p- expressing cells, b) maintenance of a non-diseased physiological state in the
host and c) possible fungal evasion of nematode innate immune response to allow survival of the
microbe. For each of these criteria, the amyloid-forming sequence in Als5p was necessary for
activity.
Als5p mediates a commensal-like state. Als5p was sufficient to enable S. cerevisiae
cells to accumulate within the intestine of the nematode host. Furthermore, the yeast in the
alimentary tract remained viable. In CFU assays, 8-fold more Als5p-expressing yeast were
isolated from nematodes than EV yeast (Fig. 4). Thus, expression of Als5p led to fulfillment of
the first two criteria of commensalism: increased occupancy, and viability of the yeast. The
expression of Als5p on the yeast surface also led to a non-diseased state in the host, the third
condition. The defecation rates were indistinguishable from those of worms fed on E. coli,
whereas worms fed EV yeast had a significant decrease in the rate (Fig. 7), a sign of disease 	
  [89,	
  
90].

In addition, feeding C. elegans on S. cerevisiae did not affect egg viability. The fraction of

eggs hatched was constant and similar to E. coli for yeast strains tested.
Most remarkably, there was increased survival of the nematodes, even in the presence of
increased fungal occupancy. The viability of worms feeding on Als5p-expressing yeast was in
fact similar to that of worms fed E. coli (Fig. 5C), whereas, nematodes fed on EV yeasts died
significantly faster (Fig. 5A). The increased survival was dependent on expression of the Als5p
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protein (Fig. 11). Therefore, by measures or nematode viability, defecation rates, and egg
viability, the host organism was in a non-disease state after feeding on Als5p-expressing yeast
(the third criterion of commensalism).
Is the amyloid sequence in Als5p a Commensal-Associated Molecular Pattern? The
amyloid-forming sequence in Als5p was necessary for each of the changes in yeast-host response.
The amyloid-forming sequence was key in both gut occupancy and viability: Als5p-expressing
yeast were visually greatly increased in the gut over yeast cells expressing the non-amyloid
mutant form of the protein Als5pV326N (Fig. 3), with a 3-fold increase in the number of viable
yeasts (Fig. 4). Similarly, yeast expressing Als5pV326N, a sequence that does not form amyloid,
showed decreased defecation rates (Fig. 7), a symptom of a diseased state 	
  [90].
To us, the most remarkable result was that feeding with yeast expressing the amyloidforming wild type version of Als5p led to longer nematode survival than did yeast expressing the
Als5pV326N protein, whose sequence was mutated to inhibit amyloid formation (Fig. 4). Indeed
the average lifespan of the worms fed yeast with the non-amyloid Als5pV326N was statistically
similar to that for feeding on EV yeast, which did not express Als5p at all.
Therefore, the amyloid forming sequence in Als5p was necessary for accumulation of
viable yeasts in the nematode gut, and for increased survival of the worms. These results support
a hypothesis that Als5p can function in modulating innate immunity to promote a more
commensal-like state in the relationship between nematodes S. cerevisiae. The Als5p amyloidforming sequence is necessary for this activity. In this model, the Als5p amyloid sequence
functions as a “Commensal-Associated Molecular Pattern” (CAMP), analogous to a PAMP in
pathogenesis 	
  [94]. This concept helps to define the differences and similarities between
commensalism and pathogenicity, both states being outcomes of host-microbe interactions linked
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to characteristics of both the host and microbe 	
  [50]. Indeed, our results identify a particular
protein, region, and indeed a single amino acid residue that can shift the host-microbe
relationship between pathogenicity and commensalism.
Our mixing experiments support this hypothesis. Als5p-expressing cells can enhance the
retention of otherwise non-retained EV-expressing S. cerevisiae cells within the intestine of C.
elegans. Furthermore, this retention of EV control cells was not accompanied by an increase in
mortality rate. On the contrary, nematodes fed the mixture of Als5p-expressing and EV S.
cerevisiae succumbed at rates similar to nematodes fed only Als5p-expressing cells. This
observation is directly in line with our hypothesis that Als5p may possess CAMP-like properties,
perhaps downregulating innate immune functions in the nematode to promote or enhance
survival of both yeast and host. This proposed ability may help explain why EV- cells are found
in greater numbers within the intestine of the nematodes fed the S. cerevisiae mixture. We
hypothesize that Als5p prevents robust activation of host immune functions, which allows for the
microbe’s survival in this host niche.
The results of our study do not rule out other explanations. For instance, amyloid-forming
Als5p might function to sequester S. cerevisiae toxins, thereby promoting tolerance. Alternately,
surface amyloids may strengthen the yeast cell wall, preventing disruption by the grinder and
allowing persistence in the gut with disease (for C. albicans) or without disease (S. cerevisiae).
Nevertheless, the commensalism model appears to be supported by previous work, including the
finding that Als5p is upregulated in non-pathogenic states.
Amyloids in clinically important interactions. Our study adds to the clinical relevance
of amyloids since they are naturally present in any host, including human. There are many
examples of host interactions with amyloids on microorganisms can affect the balance within the
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dynamic interplay between host and microbe 	
  [95]. For instance, amyloid fibrils formed by
prostatic acid phosphatase augment HIV infection, and thus tip the balance towards HIV survival
and replication 	
  [96]. Amyloids are present in human native hemostasis components that represent
crucial regulatory elements in blood coagulation and clot clearance (hemostatic system). This
hemostatic system can be exploited with the help of amyloids produced by microorganisms such
as E. coli (a commensal bacterium) and Salmonella spp. (pathogenic bacteria), thus increasing
their chances of colonizing their host 	
  [97]. Hemostasis, amyloid and microbial pathogenesis are
closely related and interactions between host, and bacterial amyloids play a critical role 	
  [97].
There are several additional lines of evidence that Als amyloid interactions shift hostmicrobe in C. albicans. Als5p expression does not correlate with either acute stage or
convalescent-stage candidiasis, and many clinical C. albicans strains have natural ALS5 deletions 	
  
[1,	
  50].

In contrast, ALS5 expression is obvious in asymptomatic, non-pregnant women suggesting

that it is transcribed under commensal conditions 	
  [98]. Also, we have recently shown that surface
amyloids are present on the surface of C. albicans in situ in autopsy sections of abscesses from
candidiasis victims 	
  [99]. In humans, these surface amyloids can affect host response by binding
Serum Amyloid P-component (SAP), an innate immune system Pattern Recognition Receptor
(PRR) that suppresses inflammatory response 	
  [99,	
  100].
Clearly, the outcome of the interaction between microbial amyloids and the host can
determine the benefit or harm to the host. Our data and those of others support the paradigm that
microbial surface amyloids change host-microbe interactions and can promote either infection or
commensalism. This study only scratches the surface of the complexity of host-microbe
interactions, and gives novel insights into the molecular basis at which a successful commensal
like C. albicans can inhabit its host.
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CHAPTER II: CEANORHABDITIS ELEGANS INNATE IMMUNE
SYSTEM DISCRIMINATES CANDIDA ALBICANS AL5P
AMYLOID VIA CED-1 TO ELICIT A DISTINCT MAPK
RESPONSE.
INTRODUCTION
Candida albicans is an opportunistic fungus that normally colonizes the nasopharyngeal
and urogenital tract of humans. It makes an excellent commensal since it colonizes the host by
use of an array of adhesive proteins in its cell wall while simultaneously evading host immune
responses. Unfortunately, in immunocompromised individuals, it can cause a variety of ailments
that can range from superficial mycoses to disseminated candidiasis. Its characteristics are
believed to enable C. albicans to invade within tissue causing invasive mycoses. Mortality from
Candida spp. infections in intensive care units can reach 75% making such infections the most
invasive and lethal mycoses	
  [14,	
  15]. Although humans are the only known reservoirs, studies to
evaluate its capacity to cause disease have been successfully conducted in a variety of model
hosts ranging from Caenorhabditis elegans to mice.
The agglutinin-like sequence (Als) family of proteins makes up a major class of Candida
adhesins which are GPI-anchored glycoproteins, homologous to the alpha-agglutinin protein of
Saccharomyces cerevisiae	
  [75]. Als protein structure includes a conserved N-terminal domain, a
tandem repeat domain, and a C-terminal serine-threonine rich domain	
  [28,	
  76,	
  78,	
  101,	
  102]. The Als5p
amyloid forming sequence at residues 325-331 is critical in adherence in vitro and in vivo by
transgenically expressing the gene in Saccharomyces cerevisiae	
  [2,	
  20,	
  26-‐30,	
  78]. A single amino
acid substitution at position 326 (V326N), greatly reduces these properties	
  [2]. Our lab has further
demonstrated that Als5p-expressing cells can establish a commensal-like interaction in the model
host, C. elegans	
  [30]. Expression of Als5p leads to decreased mortality in nematodes fed Als5p	
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expressing strains with increased fungal accumulation within the intestine of the nematode.
Normal physiological processes in the nematode are preserved in this commensal-like state. Both
events are dependent on the presence of functional amyloid	
  [30]. By natural extension, we wanted
to determine the innate immune involvement of C. elegans in response to Als5p-expressing S.
cerevisiae.
What makes a microorganism a potential pathogen is not solely its ability to express a
variety of virulence factors but rather its inability to disprove it is a “foe”	
  [34]. This delicate and
complex differentiation between friend and foe is mediated by receptors called Pattern
Recognition Receptors (PRRs)	
  [37-‐39]. In humans these receptors include Toll-Like receptors
(TLR), and scavenger receptors	
  [4,	
  5,	
  40,	
  41].
TLRs are important mediators of innate immune responses to Candida albicans, and
several classes of scavenger receptors have been implicated in recognizing and reacting to a
variety of ligands such as β-amyloid, endogenously modified LDL, LPS, DNA, RNA, and
lipoteichoic acid	
  [4]. In humans, C. albicans yeast cells are recognized by TLR2 and TLR4	
  [37,	
  39-‐
42].

The balance between the signals that are induced by these Toll-Like receptors is critical in

regulating the immune response. TLR2 mediates anti-inflammatory signaling that can be
deleterious when activated excessively, and TLR4 mediates pro-inflammatory signaling	
  [40].
Proteins that contain a TIR domain are usually associated with innate immune signaling
pathways across many living organisms ranging from Dictyostelium to C. elegans to humans	
  [66].
TIR domains can be found in leucine rich repeat (LRR) transmembrane receptors (i.e. TLRs in
mammals), Ig containing transmembrane receptors, as well as intercellular adaptor proteins
which transduce receptor mediated signaling.
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C. elegans encodes for a single TIR domain adaptor protein, TIR-1 [Toll-interleukin 1
receptor (IL-1R)], a single TLR, TOL-1, which also possesses a TIR domain and scavenger
receptor CED-1	
  [4,	
  5]. TIR-1 is homologous to human SARM (sterile a- and armadillo-motifcontaining protein), but unlike in mammals, nematode TIR-1 functions independent of TOL-1
through an uncharacterized but conserved innate immune signaling pathway	
  [63,	
  65-‐67].	
  The
function of TOL-1 had been somewhat ambiguous. Nematode immune responses are mostly
independent of TLR signaling	
  [103,	
  104], but TOL-1 is necessary to confer immunity against
Salmonella enterica	
  [81]. ced-1 encodes a protein primarily involved in cell corpse clearance in C.
elegans and has recently been implicated in innate immunity to fungal pathogens	
  [4,	
  5,	
  105-‐107].
CED-1 is the orthologue to mammalian scavenger receptor SCARF1 and is required for defense
against Cryptococcus neoformans, Salmonella typhumurium and Salmonella enterica strain 1344 	
  
[4,	
  6].

These receptors likely transduce a signaling cascade via the TIR-1 adaptor protein that
eventually activates mitogen-activated protein kinases (MAPK). The ERK-1/2 MAPK
orthologues in C. elegans are MPK-1 and MPK-2. In mammals, ERK-1/2 are considered
important kinases in the immune response, allowing for T-cell activation, thymocyte selection, as
well as playing a key role in cross-regulation among different signaling pathways	
  [70]. Despite
their function in mammals, very little is known about the role(s) of MPK-1/2 role in the C.
elegans immune system. Most studies have focused on its role in cell fate specification, and cell
migration, rather than immunity	
  [71,	
  72]. What has been identified in terms of its role in the innate
immune system of C. elegans is its critical role in mediating resistance to the Gram positive
Microbacterium nematophilum	
  [73]. MPK-1 cascade has a localized role in the rectal and anal
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region of C. elegans inducing a swelling of the region of the nematode, however, activators and
outputs of the swelling response remain unknown	
  [108].
We wanted to determine if CED-1 and TOL-1 are implicated in the amyloid dependent,
Als5p mediated, decrease in mortality induced by Saccharomyces cerevisiae in C. elegans	
  [30].
Additionally, we wanted to evaluate the importance of nematode tir-1 in establishing this
“commensal-like” state. Finally, we looked into the phosphorylation of kinase MPK-1/2 in
response to Als5p- expressing S. cerevisiae. This study represents the first to identify Als5p
amyloid as a potential ligand to elicit an innate immune response to confer immunotolerance in a
host with such high degree of innate immune conservation.
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MATERIALS & METHODS
STRAINS AND MEDIA
Fluorescent Saccharomyces cerevisiae strains containing pJL1-Als5, pJL1-EV and pJL1Als5V326N [27, 30] were grown in SD medium with galactose (2%) lacking uracil and tryptophan at
24°C to induce expression. Nematodes were propagated on modified Nematode Growth Medium
(40mg/L adenine, 3g NaCL, 17g agar, 2.5g peptone, 20g galactose, 10g yeast extract, 1mL 1M
CaCl2, 1mL 1M MgSO4, 25mL 1M KPO4, 1mL of 5mg/mL cholesterol in 95% EtOH) and fed E.
coli OP50. C. elegans was maintained at 18°C. E. coli OP50 was grown overnight in LB broth at
37°C. All C. elegans strains and E. coli OP50 were provided by the Caenorhabditis Genetics
Center (CGC), which is funded by NIH Office of Research Infrastructure Programs (P40
OD010440).

C. ELEGANS SURVIVAL ASSAY
In preparation for a survival assay, eggs were obtained by standard bleaching technique as per
Stiernagle [88]. Briefly, C. elegans stock plates that had many gravid hermaphrodites were washed
with sterile H2O. The liquid was collected in a sterile 15 ml conical centrifuge tube with cap,
treated with a pre-mixed solution containing 0.5mL of 5M NaOH and 1mL of 5% household
bleach. The solution was then vortex mixed and centrifuged, and the pellet was washed twice.
The pellet was resuspended in 3mL sterile M9 buffer. Eggs were placed on lawns of E. coli
OP50 at 24°C until they were L4 larvae to early adults. Modified NGM plates, supplemented
with 2% galactose (unless otherwise stated), kanamycin and ampicillin (to inhibit the growth of
E. coli OP50), were spotted with yeast strains and approximately 50 L4 larvae to early adult
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nematodes. All survival assay plates were incubated at 18°C. Each independent assay was
carried out as previously described [30]. Briefly, during the reproductive period, adults were
transferred daily to fresh plates with worm mortality scored over time. The percentage of C.
elegans alive for each given day was calculated using the following formula:

!
#
%Alive = #
#
"

# worms
total

$
alive & !
& ' #"
&
%

% alive

$
previous day &
%

WESTERN BLOTTING TECHNIQUES
	
  
In	
  preparation	
  for	
  a	
  nematode	
  lysate	
  for	
  western	
  blot	
  analysis,	
  C.	
  elegans	
  were	
  bleached	
  
and	
  staged	
  at	
  the	
  late	
  L4	
  larval	
  stage.	
  They	
  were	
  then	
  placed	
  on	
  modified	
  NGM	
  plates	
  
spotted	
  with	
  Als5p-‐,	
  Als5pV326N-‐,	
  and	
  EV-‐	
  expressing	
  S.	
  cerevisiae.	
  After	
  feeding	
  for	
  24	
  hours	
  
at	
  18°C,	
  they	
  were	
  washed	
  with	
  sterile	
  ddH20,	
  and	
  collected	
  in	
  15mL	
  conical	
  tubes	
  on	
  ice.	
  
Pellets	
  were	
  added	
  to	
  equal	
  volume	
  of	
  Nematode	
  Solubilization	
  Buffer	
  (0.3%	
  Ethanolamine,	
  
2mM	
  EDTA,	
  1mM	
  PMSF,	
  5mM	
  DTT,	
  1X	
  Protease	
  Inhibitor	
  Cocktail).	
  	
  Nematodes	
  were	
  
vortexed	
  for	
  1	
  minute,	
  centrifuged	
  at	
  4°C,	
  and	
  boiled	
  for	
  5	
  minutes.	
  Western	
  blots	
  were	
  
prepared	
  using	
  a	
  Bio-‐Rad	
  Mini-‐PROTEAN®	
  Tetra	
  Cell	
  apparatus,	
  run	
  on	
  Bio-‐Rad	
  TGX	
  pre-‐
cast	
  gels.	
  Antibody	
  probing	
  (Anti-‐active	
  p38	
  antibody,	
  Promega,	
  1:2000	
  dilution;	
  p-‐p44/42	
  
antibody,	
  Cell	
  Signal,	
  1:2000)	
  was	
  performed	
  as	
  per	
  the	
  manufacturer’s	
  suggestions.	
  
Densitometry	
  analysis	
  was	
  performed	
  using	
  NIH	
  ImageJ	
  software,	
  and	
  depicted	
  as	
  the	
  ratio	
  
of	
  pERK/MPK	
  to	
  actin.	
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NEMATODE STRAINS
	
  
Strain Name

Genotype

N2

Wild-Type

IG10

tol-1(nr2033)

MT4933

ced-1(n2089)

NS3026

ikb-1(nr2027)

RB1085

tir-1(ok1052)III

EJ238

mek-2(q484);unc11(e47)

AU3

nsy-1(ag3)II

KU4

sek-1(km4)

ZD101

tir-1(qd4)III
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RESULTS
MITOGEN ACTIVATED PROTEIN KINASE ERK IS PHOSPHORYLATED
DIFFERENTIALLY IN RESPONSE TO FUNCTIONAL AMYLOID
Various stimuli can, alone or in association with receptors, induce a signaling cascade
that will eventually activate mitogen-activated protein kinases (MAPK). The ERK1/2
orthologues in C. elegans, MPK-1 and MPK-2, are important in regulating immunity in C.
elegans. Specifically, they are critical in mediating resistance to the Gram positive
Microbacterium nematophilum	
  [73]. However, their contribution to conferring immunity against
other pathogens has not been investigated. We therefore looked at the phosphorylation of
ERK/MPK in nematodes fed Als5p, Als5V326Np, and EV expressing yeast cells for 24 hours (Fig.
12).
As expected, nematodes exhibited phosphorylation. ERK-1/MPK-1 was phosphorylated
across all nematodes independent of food source. N2 nematodes fed either Als5p-, Als5V326Np- or
EV- expressing cells exhibited similar levels of pERK-1/MPK-1 (Fig. 22). Nematodes fed E. coli
OP50 had slightly increased levels of phosphorylated ERK-1/MPK-1 (Fig. 22).
On the other hand, ERK-2/MPK-2 varied in C. elegans depending on microbial exposure.
In nematodes fed either Als5V326Np- or EV- expressing cells, there was no evident
phosphorylated ERK-2/MPK-2 present (Fig. 12A). However, in nematodes fed Als5pexpressing cells, ERK-2/MPK-2 was phosphorylated, at levels lower than those present in
nematodes fed E. coli OP50. This difference shows that nematodes must have a mechanism by
which they can detect and discriminate the presence of functional amyloid to elicit a specific
MAPK response. The response observed in response to Als5p- expressing cells was similar to
the ERK-2/MPK-2 MAPK	
  response	
  to	
  non-‐pathogenic	
  E.	
  coli	
  OP50.	
  This	
  indicates	
  that	
  the	
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Figure 12. Survival assays of nematodes challenged with S. cerevisiae strains and
immunoblots against pERK1/2. A, B) Percent of C. elegans alive, starting with young adult
V326N

animals fed on Als5p-, Als5

p-, or EV- expressing S. cerevisiae over 4 days. Data is from the

mean of five independent experiments; more than 50 animals were used in each case. B, D)
Immunoblot of nematodes (genotype as indicated) fed Als5p-, Als5V326Np- expressing or EV S.
cerevisiae and E. coli OP50 for 24 hours. Representative immuoblot of two biological replicates.
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host	
  nematode’s	
  immune	
  system	
  is	
  not	
  threatened	
  by	
  the	
  presence	
  of	
  yeast,	
  as	
  long	
  as	
  they	
  
are	
  expressing	
  Als5p.	
  
	
  
tol-1 MEDIATES S. CEREVISIAE INDUCED MORTALITY
tol-1 plays a critical role in C. elegans innate immune defense and encodes for the sole
transmembrane toll-like receptor (TLR) homologue in nematodes	
  [109]. TOL-1 is found in the
pharynx of the nematode, and therefore may be the first receptor to come in contact with ligands
on microbial cells on which C. elegans feeds. We therefore hypothesized that TOL-1 plays a
critical role in Als5p recognition and subsequent immune response. The IG10 nematode strain
has a deletion of a 134 aa segment from a highly conserved region of the TIR (Toll-interleukin 1
receptor (IL-1R)) domain, which in mammals functions as a receptor for microbial associated
molecular patterns	
  [110]. We therefore used loss of function mutants (IG10) to study the
importance of the TIR domain in eliciting an Als5p amyloid induced response. tol-1(nr2033)
nematodes were fed Als5p, Als5pV326N and EV expressing S. cerevisiae cells and death was
scored daily by placing live nematodes on fresh modified NGM plates as previously described
for N2 nematodes	
  [30].
Loss of TOL-1 function decreased mortality rates in nematodes challenged with any S.
cerevisiae strain used in this study. For tol-1(nr2033) nematodes fed EV negative control cells
48 hours post exposure, there were 21% more nematodes alive than N2 worms (p<0.005), with
the protective effect becoming more striking at 72 and 96 hours, where there are 31% (p<0.0005)
and 37% (p<0.005) respectively more IG10 nematodes alive as were N2 (Fig. 12). As for tol1(nr2033) nematodes fed Als5pV326N expressing yeast cells, a similar protective effect was
mediated in the absence of functional TOL-1. In detail, 48 hours after feeding (Fig. 12), there
were 13% more tol-1(nr2033) nematodes alive as are N2 (p<0.05), with 28% more alive by 72
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hours (p<0.005). This TOL-1 dependent resistance phenotype in nematodes fed Als5V326Np
continued 96 hours post exposure with a 35% decrease in mortality of tol-1(nr2033) nematodes.
Mortality rates of nematodes fed Als5p expressing cells were decreased similarly when fed to
worm strains that have a loss of function in tol-1. The difference in mortality rates of tol1(nr2033) vs. N2 nematodes fed Als5p expressing cells at 24 through 96 hours are 11% (p≤0.01),
16% (p<0.05), and 24% (p<0.005), respectively. The hypersensitivity phenotype observed in N2
worms in response to EV control S. cerevisiae as well as Als5V326Np expressing cells is
dependent on the TIR domain of TOL-1; in its absence, nematodes survive longer (Fig. 12).
In tol-1(nr2033) nematodes, ERK-1/MPK-1 phosphorylation was maintained (Fig. 12).
However, there was also a 50% increase in the amount of pERK-1/MPK-1 present in Als5p fed
nematodes, and a 30% increase in mutant nematodes fed amyloid-deficient Als5pV326Nexpressing cells (Fig. 22). There was no difference in the amount of phosphorylated ERK1/MPK-1 in tol-1(nr2033) nematodes fed EV S. cerevisiae cells. These results suggest that
functional TOL-1, in WT nematodes and upon exposure to functional amyloid, mediates
suppression of ERK-1/MPK-1 phosphorylation.
There was approximately a 50% decrease in the amount of pERK-2/MPK-2 present in the
mutant nematodes fed E. coli OP50. tol-1(nr2033) nematodes fed Als5p- expressing cells lacked
phosphorylated ERK-2/MPK-2 (Fig. 12). Neither EV S. cerevisiae, nor Als5pV326N- expressing
cells fed tol-1(nr2033) nematodes had pERK-2/MPK-2 present. These results indicate that the
TIR domain of the receptor is critical in contributing to the p-ERK-2/MPK-2 present in the nonpathogenic state of N2 nematodes (Fig. 12).
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Figure 13. Survival curves of C. elegans challenged with Saccharomyces cerevisiae strains.
Percent of C. elegans alive, starting with young adult animals fed on Als5p-expressing,
Als5V326Np-expressing, EV S. cerevisiae, or E. coli OP50 over 4 days. Data is the average of four
independent experiments; more than 50 animals were used in each case.
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Downstream of TOL-1 is the transcription factor IKB-1, a homologue of cactus. ikb1(nr2027)I nematodes are characterized by a 1926 bp deletion of the gene. In order to further
evaluate the importance of tol-1 gene product to mediate the hypersensitive phenotype observed
in worms fed EV S. cerevisiae, we looked at the mortality rates of ikb-1(nr2027)I nematodes
(Fig. 13). ikb-1(nr2027)I nematodes fed Als5p- Als5pV326N- expressing and EV S. cerevisiae
cells had lower mortality rates than those observed in the tol-1(nr2033) or N2 nematodes fed the
same strains (Fig. 12 vs Fig. 13). The sensitive phenotype of nematodes fed Als5pV326Nexpressing and EV cells diminished, further implicating a role for TOL-1 signaling in mediating
S. cerevisiae induced lethality. The mortality of ikb-1(nr2027)I nematodes fed Als5p- expressing
was less from those of tol-1(nr2033) nematodes. Together these results indicate that function of
TOL-1 and its downstream effector IKB-1, are necessary for the mortality observed in
nematodes exposed to S. cerevisiae.
ced-1 IS REQUIRED FOR ALS5P AMYLOID MEDIATED COMMENSALISM
Scavenger receptors (SRs) play an important role in innate immunity to bacterial
pathogens, however their importance in immunity against fungal pathogens has only recently
been described	
  [4]. These receptors are expressed on a variety of mammalian cells (i.e.
macrophages, dendritic cells, epithelial cells), and are believed to be involved in chronic
inflammatory conditions such as atherosclerosis and Alzheimer’s disease	
  [4]. In C. elegans, CED1 is one of the seven SR orthologues that was required for the innate sensing of the yeast
Cryptococcus neoformans	
  [5,	
  109]. We tested whether this scavenger receptor plays any role in
recognition of and response to C. albicans Als5p amyloid in C. elegans.
In a ced-1 mutant, nematodes died rapidly after ingesting any of the yeast strains used in
this study. Specifically, feeding Als5p expressing S. cerevisiae in ced-1(n2089) nematodes
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(strain MT4933), resulted in a hyper-sensitive phenotype, i.e. earlier death in the presence of any
S. cerevisiae strain. 48 hours post exposure, viability of ced-1(n2089) nematodes decreased by
almost 25%, when compared to N2 (p<0.05). This phenotype persisted, since the mortality rate
difference between ced-1(n2089) and N2 nematodes fed Als5p expressing cells increase to 31%
(p<0.0005) 72 hours post exposure, and 24% (p≤0.001) at 96 hours (Fig. 15). Als5V326Np and EV
expressing S. cerevisiae fed ced-1(n2089) nematodes also led to a decreased viability over the
time course of four days but at similar rates to those of N2 nematodes. All ced-1(n2089) mutant
nematodes fed all S. cerevisiae strains used in this study had similar mortality rates through the
four days of exposure (Fig. 14). Clearly, loss of CED-1 function led to loss of Als5p amyloid
dependent mediated delay in C. elegans mortality. Together these results indicate that CED-1 is
necessary for the Als5p amyloid-dependent delay in S. cerevisiae induced mortality of C.
elegans.
Further, we evaluated how ERK-1/2 phosphorylation was affected in ced-1(n2089)
nematodes, we performed western blots on lysates from mutant worms fed Als5p-, Als5V326Np-,
EV- expressing yeast cells, or E. coli OP50 for 24 hours (Fig. 14). Our results were striking. ced1(n2089) nematodes fed E. coli OP50 had decreased amounts of phosphorylated ERK-1/MPK-1
(50%), and p-ERK-2/MPK-2 was absent (Fig. 22). Furthermore, mutant nematodes fed Als5pexpressing yeast cells exhibited loss of ERK-2/MPK-2 phosphorylation as compared to WT
nematodes on the same food source, while ERK-1/MPK-1 phosphorylation was decreased by
approximately 20% in the same animals (Fig. 12). ced-1(n2089) nematodes fed Als5V326Np- or
EV- expressing yeast cells, retained levels of pERK-1/MPK-1 similar to those observed in wild
type nematodes.
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Figure 14. Survival assays of nematodes challenged with S. cerevisiae strains and
immunoblots against pERK1/2. A, C) Percent of C. elegans alive (genotype as indicated),
V326N

starting with young adult animals fed on Als5p-, Als5

p-, or EV- expressing S. cerevisiae

over 4 days. Data is from the mean of five independent experiments; more than 50 animals were
used in case. B, D) Immunoblot of nematodes (genotype as indicated) fed Als5p-, Als5V326Npexpressing or EV S. cerevisiae and E. coli OP50 for 24 hours. Representative immuoblot of at
least two biological replicates.
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mek-2 DOWNSTREAM SIGNALING ENABLES IMMUNOTOLERANCE IN RESPONSE TO
ALS5P AMYLOID
mek-2 encodes a C. elegans MAP kinase kinase which has been shown to be critical in
the nematode’s response to the bacterium Microbacterium nematophilum infection	
  [108]. It is part
of the ERK kinase cascade that has been implicated in immunity in both plants and mammals	
  
[111-‐113].

MEK-2 is also downstream of CED-1 and we therefore found it appropriate to evaluate

its role in response to functional Als5p amyloid. We obtained nematodes that with deletion of
mek-2 (strain EJ238). mek-2(q484);unc11(e47) nematodes fed Als5p- expressing cells exhibited
the same mortality rates as ced-1 (n2089) nematodes on the same food source (Fig. 15). mek2(q484);unc11(e47) nematodes exposed to Als5p- expressing cells for 48-96 hours had mortality
rates significantly higher than N2 fed nematodes (Fig. 15). Specifically, there were 10%, 16%
and 21% increase (p<0.05) in mortality rates in mek-2(q484);unc11(e47) nematodes fed Als5pexpressing cells compared to wild-type. There was no difference in the mortality rates of mek-2
mutant nematodes compared to N2 nematodes fed either Als5pV326N- expressing or EV cells. The
delay in mortality of nematodes exposed to functional Als5p amyloid disappears, indicating that
mek-2 gene product’s function is critical in enabling immunotolerance in C. elegans.

ALS5P AMYLOID ELICITS IMMUNOLOGICAL RESPONSES IN C. ELEGANS VIA tir-1
	
  
TIR-1 (Fig. 16), the orthologue of mammalian SARM (sterile a- and armadillo-motifcontaining protein), is required for defense against pathogens and acts upstream of the conserved
MAPK pathway	
  [66]. Proteins that contain TIR are critical in mediating immunological responses	
  
[64,	
  65,	
  114].

	
  

The C. elegans orthologue of SARM acts upstream of the conserved p38 MAPK
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Figure 15. Survival curves of C. elegans challenged with Saccharomyces cerevisiae strains.
Percent of C. elegans alive, starting with young adult animals fed on Als5p-expressing,
Als5V326Np-expressing, EV S. cerevisiae, or E. coli OP50 over 4 days. Data is the average of
three independent experiments; more than 50 animals were used in each case.
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pathway. Being that it has important innate immune functions in C. elegans, we evaluated its role
for the establishment of the Als5p mediated “commensal-like” state in nematodes.
tir-1(ok1052)III nematodes were exposed to Als5p, Als5V326Np, and EV expressing yeast
cells for a total of 96 hours. By 72 hours past exposure there were 78.5% tir-1(ok1052)III
nematodes alive on Als5p expressing yeast cells compared to 50.5% live nematodes on EV cells
(p<0.005) (Fig. 17). Similarly, there were nearly 25% more Als5p- expressing cells fed
nematodes alive 96 hours post exposure than there were on EV cells (p<0.05). There was no
difference in the mortality rates of nematodes fed either Als5p- or Als5V326Np- expressing S.
cerevisiae cells. Furthermore, there were significant differences between the mortality rates of
tir-1(ok1052)III and N2 nematodes fed Als5p-, Als5pV326N- expressing or EV S. cerevisiae cells
(Fig. 17). There is a decrease in mortality rate of tir-1(ok1052)III nematodes fed Als5pexpressing cells 48-96 hours post exposure; 10%, 17% and 20% respectively (p<0.001). The
decrease in mortality rates are conserved amongst those nematodes fed either Als5pV326Nexpressing or EV S. cerevisiae cells, indicating that loss of TIR-1 enhances resistance to fungal
challenge. TIR-1 HEAT/Armadillo domain truncation mutant nematodes fed Als5pV326Nexpressing cells succumbed at a 10%, 12%, 17% and 23% slower pace than their wild-type
counterparts (p<0.05). This resistant phenotype was observed in tir-1(ok1052)III nematodes fed
EV cells but only at the earliest time points of 24-48 hours, where there was a 12% and 20%
decrease in mortality respectively (p<0.01). This indicates that the “commensal-like” state in
response to Als5p can be achieved in nematodes independent of the HEAT/Armadillo domain, or
via a parallel pathway. The mortality observed in nematodes in response S. cerevisiae challenge,
however, may initially occur in a manner dependent on the tir-1 signaling cascade.
In tir-1(ok1052)III nematodes, baseline amount of pERK-1/MPK-1 remained unaffected,
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Figure 16. Model of SARM homologue in C. elegans TIR-1. TIR-1 is the orthologue of
mammalian SARM (sterile a- and armadillo-motif-containing protein) is required for defense
against pathogens and acts upstream of the conserved MAPK pathway. tir-1(qd4)III mutants
have a deletion of the SAM and TIR domains, maintaining the HEAT/Armadillo domain,
whereas tir1(ok1052)III mutants lack the HEAT/Armadillo domains, as indicated.
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Figure 17. Survival assays of nematodes challenged with S. cerevisiae strains and
immunoblots against pERK1/2. A, C) Percent of C. elegans alive (genotype as indicated),
V326N

starting with young adult animals fed on Als5p-, Als5

p-, or EV- expressing S. cerevisiae

over 4 days. Data is from the the mean of five (A) and three (C) independent experiments; more
than 50 animals were used in case. B, D) Immunoblot of nematodes (genotype as indicated) fed
Als5p-, Als5V326Np- expressing or EV S. cerevisiae and E. coli OP50 for 24 hours.
Representative immuoblot of two biological replicates.
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as compared to N2 nematodes (Fig. 17). No differences were observed in the amount of p-ERK1/MPK-1 present in nematodes fed either the Als5p- or Als5V326Np- expressing cells. To our
surprise, tir-1(ok1052)III nematodes fed the negative control EV- S. cerevisiae strain, possessed
higher levels (70%) of p-ERK-1/MPK-1 than WT nematodes.
Deletion of the HEAT/Armadillo domain repeats of tir-1 gene product, led to a 90%
decrease in the amount of phosphorylated ERK-2/MPK-2 present after 24 hours in nematodes
fed E. coli OP50 (Fig. 17). The absence of p-ERK-2/MPK-2 also characterizes the Als5pexpressing cell fed tir-1(ok1052)III nematodes. This data suggests that: a) TIR-1
HEAT/Armadillo domain is necessary for phosphorylation of ERK-2/MPK-2, and b) ERK2/MPK-2 is required to confer immunotolerance of Als5p- expressing cells in C. elegans since it
is phosphorylated in N2 nematodes fed either Als5p- expressing cells or E. coli OP50. An
alternate pathway, however, may compensate for the tolerance observed at the first 48 hours post
exposure.
In order to assay the possible involvement of the SAM and TIR domains of TIR-1 in the
Candida Als5p mediated resistance to S. cerevisiae challenge, tir-1(qd4)III mutants (Fig. 16)
were fed Als5p, Als5V326Np, and EV expressing yeast cells. tir-1(qd4)III nematodes fed Als5pexpressing S. cerevisiae died at significantly faster rates than their wild type counterparts (Fig.
18). Specifically, by 48 hours past exposure there were 49% tir-1(qd4)III nematodes alive on
Als5p expressing yeast cells compared to 77% live N2 nematodes on the same food source
(p<0.05). The hypersensitive phenotype persisted 72 and 96 hours post exposure where tir-1
mutant nematodes succumbed at rates that are 29% and 19% faster than in N2 nematodes
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Figure 18. Survival assays of nematodes challenged with S. cerevisiae strains and
immunoblots against pERK1/2. A, C) Immunoblot of nematodes (genotype as indicated) fed
Als5p-, Als5V326Np- expressing or EV S. cerevisiae and E. coli OP50 for 24 hours. Data is from
the mean of five (A) and three (C) independent experiments; more than 50 animals were used in
case. B, D) Percent of C. elegans alive (genotype as indicated), starting with young adult animals
V326N

fed on Als5p-, Als5

p-, or EV- expressing S. cerevisiae over 4 days. Representative

immuoblot of two biological replicates.
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respectively (p<0.05). In contrast, tir-1(qd4)III worms fed EV and Als5V326Np- expressing S.
cerevisiae cells had mortality rates comparable to N2 nematodes on the same food source. tir1(qd4)III nematodes fed the S. cerevisiae strains exhibited increased susceptibility greater than
the relative change in mortality of those nematodes fed E. coli OP50, suggesting that the
increased susceptibility is attributed to the loss of both the SAM and TIR domains that
characterizes these mutants.
tir-1(qd4)III nematodes fed E. coli OP50 had no significant difference in the amount of
phosphorylated ERK-1/MPK-1 present (Fig. 18). Likewise, there was no difference in the
V326N

phosphorylation of ERK-1/MPK-1 in TIR-1 mutant nematodes fed either Als5p-, Als5

p-, or

EV- expressing S. cerevisiae for 24 hours (Fig. 18). This contrasts the significantly higher levels
of pERK-1/MPK-1 in EV cell fed TIR-1 deletion nematodes (Fig. 17). This suggests that the
SAM and TIR domains of the tir-1 gene product suppress ERK-1/MPK-1 phosphorylation in
nematodes fed S. cerevisiae.
tir-1(qd4)III nematodes fed E. coli OP50, retained high amounts of pERK-2/MPK-2,
similar to what is observed in wild type nematodes. Likewise, mutant nematodes fed Als5pexpressing cells, had phosphorylated ERK-2/MPK-2 present, indicating that TIR and SAM
domains are dispensable for ERK-2/MPK-2 phosphorylation. These functional domains of TIR-1
play a critical role in suppressing yet another MAPK response. In wild-type nematodes fed
V326N

Als5

p-, or EV- expressing S. cerevisiae, ERK-2/MPK-2 was not phosphorylated (Fig. 18).

However, in tir-1(qd4)III nematodes, presence of pERK-2/MPK-2 indicates that: a)
discrimination of amyloid is independent of TIR and SAM and possibly mediated via
HEAT/Armadillo domain and b) in the presence of S. cerevisiae, SAM and TIR domains are
responsible for repressing both ERK-1/2 MAPK activation.
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MAPK NSY-1 IS NECESSARY FOR AMYLOID DISCRIMINATION AND
ESTABLISHMENT OF A COMMENSAL-LIKE STATE

The intestine is the largest immune organ that C. elegans possesses. A vast majority of its
innate immune functions are activated when abnormal accumulation of microorganisms is sensed
within this organ. MAPK pathways are activated in response to a variety of microbial pathogens	
  
[53].

In order to assay the possible involvement of other MAPKs in C. albicans Als5p-mediated

resistance to S. cerevisiae challenge, we utilized mutant nematodes in some other important
kinases, NSY-1 and SEK-1. These two kinases have been shown to function in a linear pathway
including NSY-1, SEK-1 and PMK-1, orthologous to the mammalian immune response
components ASK-1, MKK3/MKK6 and p38 respectively	
  [53].
nsy-1(ag3)II deletion mutants (strain AU3) were fed Als5p, Als5V326Np, and EV
expressing yeast cells. nsy-1(ag3)II nematodes succumbed at similar rates independent of the S.
cerevisiae strain they were fed. The amyloid-mediated delay in S. cerevisiae induced mortality
vanishes, implying the importance of nsy-1 in this response. nsy-1(ag3)II nematodes fed Als5p
expressing S. cerevisiae died at significantly faster rates than their wild type counterparts (Fig.
19). Specifically, mortality rates of nsy-1(ag3)II nematodes fed Als5p expressing cells were
accelerated by 38% (p<0.05), 38% (p<0.001) and 21% (p<0.001) at 48, 72 and 96 hours post
exposure respectively. There was no difference in the mortality rates of mutant nematodes fed
either Als5V326Np- expressing or EV yeast cells. Similarly, there was no difference in nsy-1(ag3)
	
  
	
  
	
  

	
  

69	
  

nsy-1 (ag3) II
nsy-1(ag3)II
120

100

% Alive

80

60

40
ALS5
V326N
EV
OP50

20

0
0

24

48

72

96

Time (hrs)

Figure 19. Survival curve of nsy-1(ag3)II C. elegans challenged with Saccharomyces cerevisiae
strains. Percent of C. elegans alive, starting with young adult animals fed on Als5p-expressing,
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II and N2 nematodes fed either Als5V326Np- expressing or EV yeast cells. These results indicate
that nsy-1 gene product is critical in the commensal response to amyloid.
Being that NSY-1, was critical in conferring immunotolerance, we determined the effects
of deletion of its previously demonstrated immediate downstream kinase, sek-1. sek-1(km4)
deletion mutants were fed Als5p, Als5V326Np, and EV expressing yeast cells. sek-1(km4)
nematodes fed Als5p, Als5V326Np, and EV expressing S. cerevisiae died at significantly faster
rates than their wild type counterparts (Fig. 20). Specifically, by the first 24 hours post exposure
there were 40% sek-1(km4) nematodes alive on Als5p expressing yeast cells compared to 93%
live N2 nematodes on the same food source (p<0.0001). Similar results were observed with EV
and Als5V326Np expressing S. cerevisiae cells where within 24 hours, sek-1(km4) worm’s
viability was decreased by nearly 70% when compared to wild type (p<0.0001). The rapid
decline in viability of sek-1(km4) nematodes was prominent amongst all yeast strains tested
through the fourth day. Specifically, Als5p fed sek-1(km4) nematode viability decreased (Fig.
20) by a large factor: 62% two days post exposure (p<0.005), with a 53% (p≤0.01) and 38%
(p<0.05) decrease in viability by days three and four when compared to N2 nematodes.
Als5V326Np and EV yeast strains also exhibited a hypersensitive phenotype days two through four
(Fig. 20) post infection, with a conspicuous reduction in viability compared to N2 nematodes.
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DISCUSSION
	
  
By studying host-pathogen interactions we can begin to understand the steps involved in
microbial pathogenesis and immune recognition and response. Armed with a well-characterized
model system, we can also begin to unravel molecular mechanisms that are important in
determining whether a microorganism is a “friend” or a “foe”. Our lab has recently discovered a
novel role of Candida albicans Als5p amyloid in commensal host-microbe interactions	
  [30].
Expression of the Candida albicans cell wall adhesin, Als5p, in S. cerevisiae led to increased
nematode viability when compared to yeast alone, while maintaining normal metabolic processes	
  
[30].

This role of Als5p should come to no surprise, because many C. albicans disease strains

have natural ALS5 deletions, further suggesting this gene may not be critical for the pathogenesis
process 	
  [102]. My results illustrate the complex interaction of signal transduction components in
a network of host responses to fungal infection.
The TOL-1 pathway mediates S. cerevisiae-induced mortality in C. elegans. TollLike Receptors (TLRs) are a class of innate immunity Pattern Recognition Receptors (PRR’s)
that recognize Microbe-Associated Molecular Patterns (MAMPs) to initiate natural immune
system responses. In C. elegans, TOL-1 is the sole TLR. tol-1 mutants exhibit a hypersensitivity
phenotype in response to a variety of microorganisms (i.e. Serratia marcescens, Salmonella
eneterica), however this phenotype is not a definitive characteristic of these mutants. They are
resistant to infection by human pathogens such as Enterococcus fecalis, Drechmeria coniospora
and Streptococcus pneumoniae	
  [80,	
  81], but their susceptibility to fungal pathogens such as
Candida albicans and Cryptococcus neoformans has not been previously reported	
  [80].
Als5p amyloid can be recognized by the innate immune system of C. elegans leading to a
commensal-like state. Strains with mutations in the PRR encoding tol-1 or its downstream
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effector ikb-1 had prolonged survival when fed on any S. cerevisiae strain (Fig. 12 and 13),
showing that TOL-1 signaling was key in mediating host fatality. The protective effect of the
Als5p amyloid MAMP was irrelevant in these mutants. Thus, in this system, the TOL-1 pathway
mediated against a commensal-like state. Thus TOL-1-mediated signaling was necessary for S.
cerevisiae mediated death but was dispensable for Als5p amyloid mediated immunotolerance. In
contrast, deletion of TOL-1 did not affect the rate of killing by C. albicans, so killing by this
pathogen can be TOL-1 independent (data not shown).
Our results are consistent with studies in mammalian hosts that show that TLR-mediated
pro-inflammatory cytokine production occurs in response to non-pathogenic S. cerevisiae	
  [39,	
  86].
Although TLR cellular responses mediate host protection, some data suggests that TLR can also
result in response detrimental to the host. For example, TLR2-KO mice are more resistant to
disseminated Candida infection	
  [39].This data confirms our findings that in the absence of TOL-1,
nematodes fed EV expressing S. cerevisiae cells are resistant to infection. Thus, in C. elegans,
the response to S. cerevisiae mimicked this result. The deletion tol-1 was not protective against C.
albicans itself (data not shown). This result is consistent with the observation that killing is
mediated by virulence factors expressed by C. albicans, independent of TOL-1.
Als5p amyloid discrimination is mediated through CED-1. ced-1, the nematode
orthologue to mammalian SCARF1, encodes a PRR scavenger receptor primarily involved in
cell corpse clearance in C. elegans, and it has recently been implicated in innate immunity to the
fungus Cryptococcus neoformans, as well as to Salmonella typhumurium and Salmonella
enterica strain 1344	
  [4,	
  5,	
  105-‐107]. Here, we demonstrated that ced-1(nr2033) nematodes fed
Als5p- expressing cells succumbed at accelerated rates compared to wild type nematodes (Fig.
14). This loss of protection contrasted with nematodes fed either Als5V326Np- expressing or EV
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cells; such nematodes died at rates similar to wild-type N2. Thus CED-1 signaling was necessary
for recognition of functional amyloid and was necessary to confer immunotolerance in C.
elegans. Similar results were apparent in the CED-1 downstream effectors NSY-1 and MEK-2:
in each case nematodes were rapidly killed by any of the S. cerevisiae strains.
Role of TIR-1. C. elegans encodes for a single TIR domain adaptor protein, TIR-1,
which functions independent of TOL-1, through an uncharacterized but conserved innate
immune signaling pathway	
  [63,	
  65-‐67].	
  We have demonstrated that TIR-1 plays an important role in
immunity against the yeast strains used in the study. A TIR-1 HEAT/Armadillo domain deletion
strain fed any of the three S. cerevisiae strains survived at frequency similar to that of nematodes
fed Als5p yeast for 48 hours. Subsequently, nematodes fed on EV or V326N yeast succumbed
more rapidly (Fig. 17). This result indicates that TIR-1 like CED-1, was necessary for
discrimination between non-amyloid and amyloid-forming Als5p for the first 48 hours of
infection. However, unlike CED-1, TIR-1 mediated a decreased initial death rate for nematodes
fed on yeast not expressing the non-amyloid protein. Both CED-1 and TIR-1 were necessary for
discrimination of the amyloid-forming protein, but they had opposite effects on survival after 48
hours. In the tir-I(ok1052)III strain, discrimination of amyloid resumed by 72 hours postexposure indicating that other discriminatory immune signals may have been differentially
activated in a late response. It is perhaps relevant that other mechanisms are in place to
compensate for the loss of TIR-1 HEAT/Armadillo domains and rescue the phenotype.
In contrast, truncation of the TIR and SAM protein-protein interacting domains at the Cterminal of TIR-1, led to an overall decrease in the well-being of the nematodes exposed to S.
cerevisiae expressing Als5p (Fig. 18). In contrast, nematodes fed either Als5V326Np- expressing
or EV S. cerevisiae exhibited no change in the rates of death. These phenotypes were similar to
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those mediated by a deletion of CED-1. Together, this indicates that the TIR and SAM domains
are both critical in the establishment of the commensal-like state in C. elegans. The results are
consistent with the C-terminal domains being a component of the CED-1 signaling pathway, and
the N-terminal region (HEAT/Armadillo domain repeats) being involved in cross-talk between
response pathways. It is relevant that adaptor proteins can trigger opposite signaling effects
depending on the specific MAMPs and PRRs involved, leading to the recruitment of different
adaptor proteins (i.e. TIR-1), and phosphorylation of different MAPKs	
  [39].
The amyloid-forming sequence in C. albicans Als5p is the moiety recognized by the
innate immune system. C. elegans is capable of mounting pathogen-specific defense responses
by recognition of the MAMPs presented by the pathogen. In fact, feeding nematodes heat-killed
C. albicans causes down-regulation of a number of antimicrobial response genes	
  [62]. This
implies that a MAMP on the surface of the yeast is modulating this immune transcriptional
regulation in C. elegans. We propose that Als5p is a Candida albicans MAMP that can be
detected by C. elegans and can mediate gene regulation and expression in response to C.
albicans through its interaction with CED-1 and TIR-1. The Als5p amyloid sequence was
required for transmission of the signal mediating tolerance of the native immune system. Our
data suggests that CED-1/TIR-1 signaling was elicited in the presence of Als5p and consequently
negatively regulated TOL-1 signaling, either directly or indirectly. This interaction may downregulate downstream pro-inflammatory mechanisms, ultimately leading to longevity. By
preventing the activation of pro-inflammatory genes, the response allows the safe accumulation
of the Als5p expressing yeast cells in the nematode intestine as previously observed.
Als5p amyloid discrimination is achieved downstream of CED-1 via NSY-1 and
SEK-1. An nsy-1 deletion mutant fed Als5p- expressing S. cerevisiae died at significantly faster
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rates than wild type nematodes (Fig. 18, 19). Death of these Als5p-yeast-fed mutants was faster
than for nsy-1(ag3)II mutants fed either Als5V326Np- expressing or EV yeast cells, which resulted
in death at the same rate as in wild type N2 nematodes. These results clearly indicate that the
nsy-1 gene product is critical in the commensal response to amyloid. Being that the hypersusceptible phenotype of nsy-1(ag3)II deletion mutants fed Als5p expressing S. cerevisiae is not
observed in any other mutant, this kinase may play a role in preventing a response activated
against highly virulent microbial presence.
sek-1(km4) nematodes fed Als5p, Als5V326Np, and EV expressing S. cerevisiae died at
significantly faster rates than their wild type counterparts (Fig. 20). The rapid decline in viability
of sek-1(km4) nematodes was prominent for all yeast strains tested, indicating that SEK-1 is
important in mounting a non-specific anti-fungal immune response.
Balance between CED-1 and TOL-1 leads to immunotolerance. In N2 nematodes, in
response to Als5p expressing yeast cells, worms survived longer than worms fed EV negative
control yeast or yeast expressing the V326N non-amyloid form of Als5p. A mutation of TOL-1
[tol-1(nr2033)] led to increased nematode viability. We propose that components of S. cerevisiae
are recognized by TOL-1 and thus activate downstream effector genes, leading to the activation
of antimicrobial genes in a pro-inflammatory response that can be fatal to the host. In contrast
ced-1(n2089) deletion nematodes died at a more accelerated rate in response to Als5p expressing
cells, and the Als5p mediated “protective effect” was diminished. Together these results imply
that immune tolerance of Als5p expressing yeast cells may occur by the possible interaction of
the protein with CED-1 and consequent suppression of the TOL-1 downstream pathway and
immune response. Similarly, nsy-1(ag3)II and tir-1(qd4)III nematodes fed Als5p- expressing
cells succumbed at accelerated rates, while EV- and V326N-fed nematodes maintained their
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mortality rates. Therefore, we propose that the CED-1 pathway is a distinct signaling pathway
from that of TOL-1 (Fig. 21). Based on the results from this study, we can hypothesize that in
nematodes ingesting S. cerevisiae expressing C. albicans Als5p, TOL-1 signaling is suppressed
by a signal pathway that depends on the CED-1 receptor, and including the C-terminal region of
TIR-1, along with NSY-1 and MEK-2.
TIR-1 domains are important in discriminative MAPK phosphorylation. TIR-1 in C.
elegans can mediate specific MAPK responses via its SAM and TIR domains. Furthermore, we
demonstrated that Als5p fed nematodes phosphorylate ERK-2/MPK-2, as do nematodes fed E.
coli OP50, indicative of a non-pathogenic immune status. These results, along with the absence
of pERK-2/MPK-2 in nematodes fed EV- or Als5V326Np- expressing S. cerevisiae, led us to
hypothesize that activation of ERK-2/MPK-2 allows for the establishment of a commensal-like
state and may inhibit detrimental immune signaling which leads to rapid mortality. This pERK-2
signaling may inhibit response to TOL-1 and its downstream effector genes. We believe that the
TIR and SAM domains of TIR-1 may be necessary to transduce CED-1 mediated downstream
signaling to elicit a distinct response. TIR-1 in tir-1(qd4)III nematodes lacks these domains, but
retains the HEAT/Armadillo domain, and worms that express this version of TIR-1 lack
specificity and discrimination for survival in Als5p-fed nematodes (Fig. 21). Both TIR and SAM
domains, however, are necessary for phosphorylation of ERK-2/MPK-2 in nematodes fed Als5pexpressing S. cerevisiae (Fig. 17 vs 18). These functional domains may be responsible for the
recruitment of particular proteins with unique downstream effects. Deletion of these functional
domains may lead to the disruption of these protein complexes and thus inhibit downstream
signaling cascades. This further illustrates that innate immune signaling is not a general, nonspecific immune response. Conversely, it is a complex, highly specific response that can
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discriminate between a variety of MAMPs to elicit distinct signaling pathways. Future studies
would need to be conducted in order to determine if the Als5p/CED-1 interaction is direct or
indirect, as well as identifying other host receptors that may bind this amyloid producing MAMP
in C. elegans.
We hypothesize that the CED-1/TIR-1 activated ERK-2 pathway serves as an alternate
negative regulator of the p38 MAPK pathway proposed to be active in response to Candida
albicans	
  [62]. Such receptor cross-communication is crucial in the innate immune response of
mammals	
  [85,	
  115]. For example, in mammals, TLR-4 induced activation of transcription factor
NF-κB, and subsequent expression of inflammatory genes, is down-regulated by scavenger
receptor A	
  [85]. Additionally, in mammalian epithelial cells responding to C. albicans, ERK1/2
signaling plays a pivotal role in orchestrating inflammatory responses mediated by p38 MAPK
signaling, and further exemplifies the complexity and specificity of both host-microbe
interactions and the innate immune system	
  [45].
Is MAPK phosphorylation a life or death signal? In some of the C. elegans strains,
there was a correlation between phosphorylation of ERK-1/2 and death. However, mortality rates
cannot solely be attributed to phosphorylation of MAPK. pERK-2/MPK-2 was present in N2
nematodes fed either Als5p- expressing cells or E. coli OP50, and these nematodes lived longer
than those subjected to the other two yeast strains. This would suggest that phosphorylation of
ERK-2 is a life signal. However, in tir-1(qd4)III nematodes fed any of the yeast cells used in this
study, pERK-2 was present, but there was accelerated mortality. Taken together, these results
contradict one another and imply that other intermediates, or outputs of the MAPK responses,
may be necessary to fully understand how mortality is achieved at different rates when
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nematodes are fed yeast cells expressing C. albicans Als5p, amyloid-deficient Als5V326Npexpressing or EV- S. cerevisiae.
Significance of our study. We have identified components of a TOL-1 PRR-initiated
pathway that responds to yeast colonization, and leads to premature death of the host. We
demonstrate that C. albicans Als5p is a MAMP which the C. elegans innate immunity can
discriminate via CED-1, a PRR, mounting a specific MAPK response. This response requires
functionality of TIR and SAM domains of TIR-1. We showed that a single amino acid
substitution in the amyloid core sequence of Als5p can abrogate immune discrimination,
exemplifying at the molecular level the specificity and complexity of innate immune responses.
To our knowledge, this is the first demonstration of specific immune responses in C. elegans to a
single MAMP. Furthermore, our work expands on the biological function of amyloid, in host
microbe interactions and maintenance of a disease-free state. Our work also shows that other
uncharacterized interactions can modulate similar responses and lead to a more tolerant,
commensal-like interaction. Further studies are necessary to evaluate the role of p38 MAPK in
the Als5p mediated commensal-like state, as well as in the S. cerevisiae mediated death in C.
elegans. We can, however, conclude that we have identified a Commensal-Associated Molecular
Pattern (CAMP), and have found that it allows the microorganism to colonize its host through its
interaction with receptors and elicitation of specific wings of the innate immune system of C
elegans.
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Figure 21. Proposed mechanism of Als5p amyloid recognition by C. elegans and innate
immune responses. C. albicans Als5p is a MAMP which the C. elegans innate immunity can
discriminate via CED-1, mounting a specific ERK MAPK response. This response requires
functionality of TIR and SAM domains of TIR-1. tir-1(qd4)III nematodes lack the TIR and SAM
domains and retain the HEAT/Armadillo domain. As a result, they lack specificity and
discrimination for survival in Als5p-fed nematodes. Both TIR and SAM domains are necessary
for phosphorylation of ERK-2/MPK-2 in nematodes fed Als5p- expressing S. cerevisiae,
whereas the HEAT/Armadillo domains suffice to do the same in response to S. cerevisiae.
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Figure 22. Densitometry of western blots against pERK-1/MPK-1 in the various nematode
genotypes. Depicted are the average densitometries of pERK-1/MPK-1 in the nematode strains
indicated. Average ratios of two independent experiments between density of pERK-1/MPK-1
band to actin are depicted (except for tir-1(qd4) which is based on one experiment). Error bars
represent standard deviation.
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CHAPTER III: SUPPLEMENTAL INFORMATION
	
  
ROLE FOR p38 MAPK PATHWAY IN ELICITING THE IMMUNOTOLERANT RESPONSE
TO ALS5P AMYLOID
The intestine is the largest immune organ that C. elegans possesses. A vast majority of its
innate immune functions are activated when abnormal accumulation of microorganisms is sensed
within this organ. The p38 mitogen-activated protein kinase (MAPK) pathway is an innate
immune pathway present in the nematode that serves as one of the major immune responses
present in the intestine. This pathway is activated in response to a variety of microbial pathogens,
but whether it does so through an intestinal receptor remains unknown. Its key components
include NSY-1, SEK-1 and PMK-1, orthologous to the mammalian immune response
components ASK-1, MKK3/MKK6 and p38 respectively	
  [53].
A recent study by the Mylonakis lab has showed that PMK-1, the nematode orthologue of
the p38 MAP kinase in C. elegans, is upregulated in response to C. albicans infection, indicating
a direct role of the p38 MAPK pathway in fungal immunity	
  [62]. In a different way, our data
confirm the necessity of the p38 MAPK pathway in response to fungal pathogenesis. Both
upstream members of this pathway, nsy-1 and sek-1, are necessary to confer protection in the
nematodes in our pathogenesis assays. Furthermore, C. elegans is capable of mounting a
pathogen-specific defense response by virtue of the fungal microbial associated molecular
pattern (MAMP) present, and that feeding nematodes heat-killed and live C. albicans causes a C.
albicans mediated downregulation of a number of antimicrobial response genes	
  [62]. Together,
these results imply that a MAMP on the surface of the yeast is modulating this immune
transcriptional regulation in C. elegans. Remarkably, basal expression of these genes is
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positively regulated by p38 MAPK pathway and negatively regulated by DAF-16 but their
repression is DAF-16 independent following C. albicans infection 	
  [62,	
  85].
Western blot analysis for phosphorylated p38 (Fig. S1 and S2) were highly variable and
thus we cannot confidently attribute it as a marker for immunotolerance or death. Other factors
may be contributing to the variability observed, including but not limited to experimental
procedure, or the cell-autonomous activation (previously demonstrated) of p38 in response to
host-microbe interactions.
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Figure S3. Survival curve of ced-3(n717)IV (MT1522) C. elegans challenged with
Saccharomyces cerevisiae strains. Percent of C. elegans alive, starting with young adult animals
V326N

fed on Als5p-expressing, Als5

p- expressing, or EV S. cerevisiae over 4 days. Data is from

the average of three independent experiments; more than 50 animals were used in each case.
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ALS5P- EXPRESSING CELLS CAN REVERSE MORTALITY INDUCED BY HEAT
KILLED CANDIDA ALBICANS
We hypothesized that feeding nematodes heat killed Candida albicans BWP17 would
make the fungus less pathogenic. To our surprise, the opposite was true. Nematodes fed heat
killed C. albicans died at accelerated rates (Fig. S5). We therefore wanted to examine if cofeeding nematodes heat killed C. albicans BWP17 (BWP17 HK) and Als5p- expressing cells
could reverse the increased mortality. In fact, co-feeding nematodes BWP17 HK and Als5pexpressing cells reversed the enhanced mortality rates observed in nematodes fed BWP17 HK
alone. Co- feeding nematodes EV cells and BWP17 HK had no effect on the mortality rates (Fig.
S5). Together, these results indicate that: a) nematodes fed heat killed C. albicans BWP17
succumb from a likely inflammatory response, and b) Als5p expression can dampen that
detrimental response and lead to prolonged survival.
Accounting for all this, we wanted to determine if heat killed Als5p- expressing cells can:
a) continue to allow for an immunotolerant state in C. elegans and b) prevent increased mortality
rate, if co-fed with BWP17 HK. To our surprise, nematodes fed heat killed Als5p- expressing
cells had mortality rates much greater than those fed live cells (Fig. S6). Heat killed Als5pexpressing cells also failed to reverse the enhanced mortality phenotype observed in nematodes
fed BWP17 HK. Likewise, nematodes fed heat killed EV cells died at accelerated rates, and did
not alter the mortality rates of nematodes when co-fed with BWP17 HK. Together these results
suggest that either live Als5p- expressing cells are necessary to confer immunotolerance by
active interactions with the host or that our method of killing the yeast drastically alters the cell
wall and the structure of Als5p preventing its recognition by PRRs.
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Fig. S4. Als5p-Saccharomyces cerevisiae protects C. elegans from heat killed Candida albicans
mediated death. (A) Percent of C. elegans alive, starting with young adult animals fed on live Als5p
expressing S. cerevisiae over 4 days mixed with or without HK Candida albicans BWP17. Data is from
four independent experiments; more than 50 animals were used in each case. (B) Percent of C. elegans
alive, starting with young adult animals fed on live EV expressing S. cerevisiae over 4 days mixed with
or without HK Candida albicans BWP17. Data is from the average of four independent experiments;
more than 50 animals were used in each case.
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Fig. S5. Heat killed Als5p-Saccharomyces cerevisiae protects C. elegans from heat killed Candida albicans
mediated death. (A) Percent of C. elegans alive, starting with young adult animals fed on HKAls5p expressing
S. cerevisiae over 4 days mixed with or without HK Candida albicans BWP17. Data is from one independent
experiment; more than 50 animals were used in each case. (B) Percent of C. elegans alive, starting with young
adult animals fed on HK EV expressing S. cerevisiae over 4 days mixed with or without HK Candida albicans
BWP17. Data is from one independent experiment; more than 50 animals were used in each case.
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